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Polymer  nonlinear  optical  materials  offer  new  opportunities  in  integrated  optics'.  The  large 
electronic  hyperpolarizabilities  in  certain  conjugated  organic  molecules  lead  to  materials  with 
large,  ultrafast  optical  susceptibilities.  In  particular,  electro-optic  (EO)  poled  polymer  materials 
exhibit  low  dispersion  and  low  dielectric  constants.  EO  polymer  materials  have  been  modulated 
to  40  GHz2  and  exhibit  few  fundamental  limits  for  ultrafast  modulation  and  switching.  Polymeric 
integrated  optic  materials  also  offer  great  fabrication  flexibility.  The  materials  are  spin-coatable 
into  high  quality,  multilayer  films,  and  can  be  patterned,  metallized,  and  poled.  Channel 
waveguides  and  integrated  optic  circuits  can  be  defined  by  the  poling  process  itself^,  by 
photochemistry  of  the  EO  polymer^>5,  or  by  a  variety  of  well  understood  micro-machining 
techniques.  To  date,  EO  polymer  materials  have  been  used  to  fabricate  high-speed  Mach- 
Zehnder  modulators^,  directional  couplers’^,  Fabry-Perot  etalons^,  and  even  multitap  devices^. 
Recent  developments  in  EO  polyimide  materials '04 1  show  it  is  possible  to  achieve  sufficient 
thermal  stability  of  the  aligned  state  to  meet  both  manufacturing  and  end-use  requirements for 
such  devices.  The  demonstrated  performance  of  EO  polymer  materials  and  devices  is  now 
beginning  to  approach  that  of  inorganic  materials,  as  displayed  in  Figure  1. 

The  ultimate  advantages  of  EO  polymers,  however,  may  extend  far  beyond  the  duplication  of 
inorganic  devices.  Multilayer  structures  of  EO  polymers  can  be  fabricated  in  large  area  formats 
(6-8  inch  wafers)  with  high  device  packing  densities.  Furthermore,  EO  polymer  devices  can  be 
fabricated  directly  on  electronic  substrates  and  assembled  with  ICs  to  create  a  hybrid 
optoelectronic  package.  Finally,  the  substrate  itself  can  serve  as  a  bench  for  assembly  and 
integration  in  a  manner  similar  to  standard  Si  waferboard'^. 
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Figure  1 .  Comparison  of  different  technologies  for  integrated  optic  devices 


Planar  polymer  waveguide  technologies  have  the  ultimate  potential  to  gain  widespread  use  in 
essentially  every  electronic  and  fiber-optic  system  application.  Passive  components  will  find  use 
as  splitters,  couplers,  multiplexors,  and  parallel  array  connectors  in  trunk,  local  loop,  wide-area. 
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and  local-area  networks.  Electro-optic  polymer  devices  have  the  broadest  potential. 

Applications  include  external  modulation  of  lasers,  fast  network  configuration  switches,  optical 
network  units  in  Fiber-to-the-Home  (FTTH),  modulator  arrays  for  data  networks,  filters, 
couplers,  multiplexors,  digital-analog  and  analog-digital  converters,  and  pulse-shapers.  The 
market  potential  for  planar  polymer  waveguides  is  very  large  due  to  low  wafer  processing  costs 
and  potential  to  achieve  low-cost  single-mode  fiber-attach  and  packaging.  This  means  polymers 
may  compete  well  with  other  technologies  in  conventional  optoelectronic  applications. 

Polymer  technologies  offer  new,  unique  opportunities  in  electronic  systems  applications  that  are 
not  available  with  other  technologies.  With  polymers,  high  levels  of  integration  have  been 
demonstrated  by  using  multiple  levels  of  waveguides  as  well  as  in-plane  and  out-of-plane 
mirrors^^.  The  potential  for  low-cost  manufacturing,  packaging,  and  assembly  arises  from  the 
capability  to  perform  hybrid  integration  of  single-mode  components  using  lithographically- 
defined  registration  techniques.  This  could  lead  to  advanced  products  such  as  processor 
multichip  modules  with  high-bandwidth  interfaces  between  CPU  and  second-level  cache,  optical 
mesh  routers  for  massively  parallel  computers,  and  8-12  bit,  high-speed  A-D's.  EO  polymers  are 
unique  in  offering  this  level  of  product  potential. 

Cost,  reliability,  performance,  and  availability  are  the  main  drivers  for  obtaining  and  sustaining 
long-term  interest  in  polymers  by  systems  users.  Polymer  reliability  is  seen  by  customers  as  a 
major  issue,  particularly  for  EO  poled  polymers.  Reliability  needs  to  be  proved  with  extensive 
test  data  of  the  packaged  components,  following  the  well-known  standards  for  telecom  and 
electronic  components,  in  general.  It  is  important  to  note  that  laser  diodes  have  achieved  success 
in  the  market,  despite  their  propensity  for  drift,  low-yields,  limited  lifetime,  and  failure.  The 
market  has  accepted  "correction"  methods  for  laser  diode  performance,  such  as  thermo-electric 
coolers,  drift  compensation  circuitry,  and  elaborate  packaging  because  the  total  cost  of  a  laser 
transmitter  has  been  reduced  to  acceptable  levels  in  many  cases.  Similar  techniques  could  be 
applied  to  polymer  devices  but  will  increase  their  cost  and  may  reduce  their  reliability. 

Major  outstanding  issues  in  EO  polymer  devices  include  the  reduction  of  DC  drift,  reduction  of 
loss,  and  enhancement  of  thermd  stability.  To  date,  all  of  these  issues  have  been  resolved  in  EO 
polymer  devices,  although  perhaps  not  all  at  the  same  time.  However,  the  fundamental  reasons 
for  drift  or  poling  decay  are  sufficiently  understood  to  provide  enthusiasts  and  skeptics  alike  with 
optimism  for  the  achievement  of  commercial  specifications  for  the  technology. 

What  about  competing  technologies?  For  passive  technologies,  glass  is  the  main  competitor. 
LiNbOs  and  GaAs  waveguides,  and  direct  laser  modulation  provide  competition  for  electro-optic 
polymers.  Underlying  all  of  this  is  the  inertia  of  electronic  systems  designers  to  change  their 
solutions  from  wires  to  fiber-based  systems:  Whenever  possible,  electronic  solutions  will  be 
thoroughly  examined  and  selected,  if  economically  feasible  and  practical.  However,  high-end 
communication  in  all  markets  is  moving  toward  utilization  of  the  bandwidth  offered  by  optical 
fiber,  and  thus  the  growth  of  markets  for  all  optoelectronic  devices  is  inevitable.  EO  polymers 
will  likely  share  the  market  with  their  inorganic  counterparts. 

With  further  development,  electro-optic  polymers  have  the  potential  to  far-outdistance  inorganic 
materials  in  figures-of-merit,  and,  in  fact,  already  do  in  some  key  properties,  such  as  length- 
bandwidth  products.  Polymers  are  not  likely  to  ever  exhibit  insertion  loss  as  low  as  glass  for 
passive  devices.  However,  intrinsic  performance  of  polymers,  measured  against  other  materials, 
is  not  sufficient  forjudging  the  potential  of  the  technology.  Overall  production  costs,  balanced 
against  performance,  will  determine  the  utilization  of  polymer  waveguide  technologies. 
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Introduction: 

Polymeric  second-order  nonlinear  optical  (NLO)  materials  have  been  studied 
extensively  in  recent  years  for  applications  in  communication  and  optical  signal 
processingl'2.  Most  of  the  earlier  works  were  concerned  with  the  synthesis  and  the 
general  properties  such  as  nonlinear  optical  coefficients  and  temporal  stability.  Only  a 
few  studies  have  been  reported  on  phase  matched  second  harmonic  generation  (SHG)^. 
In  fact,  phase  matching  is  the  first  important  condition  to  achieve  high  conversion 
efficiency  of  SHG.  It  has  been  proposed  that  the  mode  dispersion  of  fundamental  and 
second-harmonic  waves  was  used  to  achieve  phase  matching,  in  which  very  precise 
control  of  film  thickness  was  required.  This  is  not  easy  for  poled  polymer  films  generally 
obtained  by  spin-coating.  To  avoid  this  difficulty,  the  use  of  Cerenkov  radiation  and 
non-collinear  light  path  have  been  proposed.  But  in  all  these  methods  the  obtainable  SHG 
conversion  efficiency  was  limited  by  the  small  over-lap  integrals  for  different  modes.  In 
order  to  maximize  the  overlap  integral,  the  quasi-phase  matching  (QPM)'^  mthods  by 
altering  singal  or  periodic  poling  have  been  proposed.  But  again  the  precise  control 
of  periodicity  should  be  needed,  which  is  also  very  difficult.  Here  we  describe,  for  the 
fost  time,  bulk  phase  matched  second  harmonic  generation  in  poled  and  drawn 
polymers,  polyurea  (PU)  by  using  bire&ingencc.  The  calculated  type-I  phase-matching 
characteristics  of  a  drawn  PU  was  confirmed  by  experiment. 

Experiment  and  results; 

1. Sample  preparation 

The  schematic  synthesis  of  polyurea  (PU)  is  shown  in  Fig.  1. 
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Figure  1.  Schematic  synthsis  of  polyurea 


2.  Polymer  geometry  and  refractive  indices 


6 


The  geometry  of  polymer  and  the  dispersion  of  refractive  indices  vs  wavelenths  of 
U1  polymer  with  draw  ratio  of  1.4  were  shown  in  Fig.2,  and  Fig.  3,  respectively. 


Fig.  2.  Geometry  of  polymer  film  samples 


Wavelength  (jim) 

Fig.  3.  Refractive  indices  of  poled  polymer  with  draw  ratio  of  1 .4 


3. Phase  matching  experiment 

Using  the  refractive  indices  of  polymer' with  draw  ratio  of  1.4,  the  type  I  phase 
matching  characteristics  has  been  calculated,  the  6  and  (})  curve  was  shown  in  Fig.4. 

Cutting  a  film  with  0=  90°  and  ())=  52.6°,  the  phase  matched  SHG  has  been  observed  in 
experiment  by  using  a  Nd:YAG  laser  with  10^  nm  fundamental  wavelength,  the  results 
were  shown  in  Fig.5. 
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Fig.  4  Type  I  phase  matching  curve  of  polymer  with  draw  ratio  of  1.4. 


Fig.  5,  The  dependence  of  phasematched  SHG  of  polymer  on  angle  ([i. 
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For  a  number  of  important  reasons,  the  waveguide  format  is  advantageous  for  applications 
using  the  nonlinear-optical  (NLO)  properties  of  materials.^  For  the  realization  of  a  thin  film 
with  a  higher  refractive  index,  necessary  for  waveguiding,  spin  coating  this  film  from  a 
viscous  solution  of  a  polymer  in  a  volatile  solvent  is  both  simple  and  inexpensive.  For  efficient 
second-harmonic  generation  in  the  waveguide  format,  based  on  the  modal  dispersion  relations 
for  phase-matching,  the  overlap  integral  describing  the  overlap  of  the  modal  field  distribution 
functions  E(z)  for  the  fundamental  mode  m  and  the  harmonic  mode  n.,  has  to  be  optimized. 
The  NLO  film  susceptibility  has  to  be  tailored  to  avoid  negative  contributions  to  the  overlap 
integral  resulting  from  a  negative  part  of  the  modal  field  from  the  harmonic  mode.  In  a  four¬ 
layered  waveguide,  this  can  be  accomplished  by  using  an  additional  polymer  layer  with  zero 
NLO  film  susceptibility.  This  additional  layer  also  has  lower  optical  loss,  so  that  the  total 
waveguide  loss  is  also  reduced.  Finally,  the  relative  thickness  of  the  two  polymer  films  is 
chosen  to  fulfil  the  phase  matching  condition.^ 

The  polymer  with  the  zero  NLO 
film  susceptibility  used  in  this 
study  is  polystyrene.  Two  NLO 
active  polymers  were  used.^ 

Their  structure,  with  the  NLO 
chromophore,  is  shown  in  Fig. 

1.  The  stilbene  polymer  (a)  has 
spacers  with  different  lengths  (2 
or  6  methylene  units)between  the 
polymer  chain  and  the  stilbene 
chromophore  to  prevent  semi¬ 
crystallinity.  The  phenyl 
polymer  (b)  has  a  smaller 
chromophore  for  reduced 
absorption  in  the  visible. 

Fig.  1.  Molecular  structure  of  the  NLO  polymers  used  in  the  ex¬ 
periments;  (a)  stilbene  NLO  polymer;  (b)  phenyl  NLO  polymer. 

9 


Thin  films  were  prepared  by  spin  coating  from  a  viscous  solution  of  the  polymer  in  the 
appropriate  solvent  on  a  suitable  substrate.  For  the  study  of  the  reduction  of  the  linear  optical 
waveguide  loss,  synthetic  fused  silica  substrates  were  used.  To  accurately  determine  the 
optical  constants  of  the  three  polymers  used,  three-layer  waveguides  were  prepared.  The 
observed  coupling  angles  for  waveguiding  are  related  to  the  real  part  of  the  refractive  index. 
The  imaginary  part  was  calculated  from  the  waveguide  attenuation,  determined  by  measuring 
the  scattered-light  intensity  profile  along  the  propagation  axis.  The  polystyrene  polymer  was 
lossless;  the  attenuation  for  the  stilbene  and  phenyl  polymer  was  caused  by  absorption  and  not 
by  scattering. 

Based  on  the  obtained 
values  for  real  and  imaginary  part 
of  the  refractive  index  for  the 
different  polymers,  we  were  able 
to  predict  the  reduction  in 
waveguide  loss  for  the  four¬ 
layered  structure.  The  predicted 
values  have  been  experimentally 
verified.  Calculated  and  measured 
waveguide  losses  for  a  three-  and  a 
four-layered  waveguide  of  the 
phenyl  polymer  at  457.9  nm  are 
shown  in  Fig.  2.  It  is  clear  that  a 
considerable  reduction  in  loss  can 
be  obtained  (from  80  down  to  1 
dB.cm-1  for  the /«=0  mode).  For 
SHG  with  phasematching  to  the 
m=l  mode,  the  loss  reduction  for 
the  latter  mode  (from  80  to  12 
dB.cm‘1)  is  more  important. 

The  best  quantitative  agreement  between  calculated  and  experimental  loss  values  is 
observed  when  absorption,  and  not  scattering,  is  the  largest  cause  of  the  waveguide  loss.  The 
modal  loss  equation  takes  into  account  only  the  absorption  losses  for  the  different  layers,  and 
not  the  surface  and  interface  scattering.  This  contribution  to  the  total  waveguide  loss  becomes 
especially  important  when  the  difference  in  refractive  index  is  large,  and  for  very  thin  layers. 

For  the  study  of  the  NLO  properties  of  the  polymer  waveguides,  Pyrex  substrates, 
coated  with  transparent  ITO  were  used.  Corona  poling  was  used  to  induce  the  polar  order  of 
the  NLO  chromophores,  necessary  for  second-order  NLO  effects.  The  higher  glass  transition 
temperature  and  the  lower  solubility  in  apolar  solvents  for  the  NLO  stilbene  and  phenyl 
polymer  allowed  spincoating  and  processing  of  a  polystyrene  layer  on  top  of  an  oriented  NLO 
polymer  layer.  Reduced  absoiption  and  SHG  in  transmission  format  confirmed  the  poling  and 
the  stability  of  the  NLO  layer  during  processing  of  the  fourth  layer.  A  quadratic  dependence  of 
the  SHG  intensity  as  a  function  of  fundamental  intensity  is  always  observed.  The  increase  in 
SHG  intensity  for  increasing  angle  of  incidence  of  the  fundamental  is  typical  of  the  symmetry 
induced  by  poling.  An  increased  scatter  is  observed  however,  probably  due  to  random 
variation  in  layer  thiclaiesses. 


eff.  refractive  index 


Fig.  2.  Dependence  of  calculated  (filled  symbols)  and 
experimental  (open  symbols)  waveguide  attenuation  on 
mode  number  for  the  three-layered  (circles)  and  for  the 
four-layered  waveguide  stnicture  (squares)  at  457.9  nm. 


A  four-layer  waveguide  was  prepared  for  phasematched  SHG  to  the  blue  in  waveguide 
format.  Based  on  the  dispersion  of  the  refractive  index,  as  determined  from  prism  coupling 
experiments  at  different  wavelengths,  and  on  the  actual  physical  thickness  of  the  two  pol3Tner 
layers,  as  measured  with  the  stylus  method,  the  phase-matching  wavelength  was  calculated  to 
be  850  nm.  The  structure  of  the  waveguide  is  shown  in  Fig.  3.  Note  the  match  of  the  nodal 
plane  of  the  modal  field  distribution  for  the  second-harmonic  tn=l  mode  with  the  boundary 
between  the  polystyrene  and  the  stilbene  polymer  layer.  This  constmction  completely  avoids 
any  negative  contribution  to  the  overlap  integral.  Measurements  of  the  SHG  intensity  as  a 
function  of  wavelength  confirmed  the  phasematching  at  the  calculated  wavelength.  The 
relatively  broad  phase-matching  curve  (Fig.  4),  correlating  very  well  with  the  low  conversion 
efficiency  (t|  <  0.001  %),  is  beUeved  to  be  also  caused  by  the  random  thickness  variations. 


Fig.  3.  Structure  of  the  four-layered  polymeric  waveguide  Fig.  4.  Wavelength  dependence  of  the  SHG 

(0.15  mm  stilbene  NLO  polymer  film,  hatched,  covered  intensity  generated  in  the  four-layered  polymeric 

with  a  0.33  mm  polystyrene  layer)  with  the  thicknesses  waveguide  structure.  Open  circles,  calculated; 
optimized  for  phasematching  and  optimal  overlap  integral.  filled  squares,  experimental  values 

The  observed  enhancement  as  a  function  of  wavelength  confirms  the  phase  matching 
for  the  four-layered  structure.  For  coherent  conversion  processes,  the  intensity  is  quadraticaUy 
dependent  on  the  interaction  length.  This  length  is  mostly  determined  by  the  absorption  at  the 
second-harmonic  wavelength,  and,  especially  for  four-layered  waveguides,  by  random 
thickness  variations.  A  thickness  control  of  50  nm  is  believed  to  be  routinely  achieved  in 
photoresist  formulations.  For  a  single-layer  thickness  of  only  150  nm,  the  relative  thickness 
variation  is  important  and  reduces  substantially  the  interaction  length  over  which  phase 
matching  can  be  maintained.  The  Langmuir-Blodgett  film  deposition  technique  offers  a 
monolayer  thickness  resolution.  This  technique  has  recently  been  applied  to  phase-match  and 
optimizes  the  overlap  integral,  not  by  avoiding  the  negative  contribution  to  the  overlap  integral, 
but  by  inverting  the  sign  of  the  susceptibility  in  the  region  with  negative  field  for  the  second- 
harmonic  mode."^  This  can  only  be  achieved  through  the  unique  features  of  LB  deposition,  but 
this  technique  requires  amphiphilic  polymers  and  time-consuming  layer  by  layer  deposition. 
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It  has  been  recently  suggested^  and  subsequently  shown^’  ^  that  the  optical  nonlinearity  of  the 
first  electronically  excited  state  of  a  conjugated  organic  molecule  can  be  significantly  larger  than 
that  of  the  ground  state.  The  first  measurements  were  made  using  third  harmonic  generation  (3® 
-514  nm)  in  silicon  naphthalocyanine,  but  the  large  excited  state  absorption  induced  made  it 
difficult  to  ascertain  whether  the  nonlinearity  was  the  result  of  a  purely  non-resonant  mechanism. 
Rodenberger  et  al.  later  used  degenerate  four-wave  mixing  (DFWM)  at  1.064  pm  to  probe  the 
nonlinearity  of  dilute  solution  of  diphenylhexatriene  (DPH)  after  it  was  excited  at  355  nm.  An 
enhancement  of  nearly  two  orders  of  magnitude  in  value  was  observed  and  was  purported  to 
be  the  result  of  a  purely  non-resonant  electronic  effect,  in  part  because  the  DFWM  grating 
lifetime  was  observed  to  decay  within  the  temporal  resolution  of  their  experiment  (35  ps). 

We  will  report  time-resolved  studies  of  the  third-order  nonlinear  optical  dynamics  of  two 
molecules  in  their  electronically  excited  states:  DPH  and  quaterphenyl  [(Ph)4],  another  example 
of  a  quasi-one-dimensional  organic  molecule  with  extended  conjugation.  These  results  were 
obtained  using  -120  fs  optical  pulses  for  both  the  UV  pump  (at  -320  nm)  and  the  visible 
spectrum  DFWM  beams  (at  -640  nm).  While  our  results  are  in  agreement  with  those  obtained 
by  Rodenberger  et  al?  for  DPH,  the  ultrafast  optical  pulses  allowed  us  to  resolve  the  excited 
state  DFWM  grating  dynamics.  The  ground-state  yP^  for  (Ph)4  in  the  solid-state  was  previously 
measured  to  be  very  small,^  but  the  excited  state  enhancement  of  the  yP)  response  was  as  much 
as  an  order  of  magnitude  greater  than  that  for  DPH.  For  both  of  these  molecules,  components  of 
the  DFWM  response  were  observed  on  both  very  fast  (<120  fs)  and  slower  (>10  ps)  time  scales. 

The  DPH  sample  was  made  up  in  a  nitrogen  glove-bag  in  anhydrous  dioxane  (distilled  from 
sodium  under  N2)  at  a  concentration  of  6.5  x  lO'^  M;  the  (Ph)4  sample  was  similarly  prepared  to 
-1  X  lO'^M.  DFWM  studies  were  carried  out  in  the  conventional  backward  counterpropagating 
pump  geometry,  with  the  samples  contained  in  quartz  cells  of  50  jim  path  length,  which 
essentially  determined  the  temporal  resolution.  The  optical  source  was  an  amplified,  mode- 
locked  dye  laser  producing  approximately  120  fs,  600  jiJ  pulses  at  20  Hz  at  a  wavelength  of 
approximately  640  nm.  The  pump  light  was  generated  by  frequency  doubling  (to  -  320  nm 
wavelength)  a  portion  of  the  amplified  light  in  a  1  mm  thick  KDP  crystal.  The  remaining 
amplified  light  formed  the  basis  of  the  DFWM  experiment. 

Figures  1  and  2  show  the  femtosecond  time-resolved  DFWM  response  for  both  samples  as  a 
function  of  the  relative  delay  of  the  readout  beam.  No  attempt  has  been  made  here  to  subtract 
out  the  DWFM  signal  of  the  solvent;  however,  we  observed  for  the  (Ph)4  solution  that  the 
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ground-state  DFWM  signal  at  the  concentration  used  is  predominantly  due  to  the  dioxane 
solvent.  These  results  demonstrate  that  the  excited  state  NLO  response  is  not  purely  electronic, 
as  was  previously  suggested  for  DPH.^  This  is  apparent  because  the  transient  persists  for 
significantly  longer  than  the  pulse.  For  DPH,  the  transient  fits  well  to  a  sum  of  two  exponentials 
with  time  constants  of  13  ps  and  -200  ps.  For  (Ph)4,  the  initial  grating  decay  is  non-exponential, 
but  later  decays  with  an  exponential  time  constant  of  1 1  ps.  Another  interesting  aspect  of  this 
data  lies  in  the  apparent  tum-on  time  required  after  the  grating  is  written  for  the  nonlinearity  to 
develop.  For  (Ph)4,  the  maximum  DFWM  signal  is  not  achieved  until  almost  1  ps  after  the 
grating  was  written.  The  tum-on  behavior  for  DPH  also  shows  non-instantaneous  response. 
Such  behavior  is  characteristic  of  other  molecular  nonlinearities  (e.g.,  CS2),  and  likely  indicates 
that  the  predominant  nonlinear  mechanism  is  orientational  or  conformational  in  nature. 
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Fig.  1:  DFWM  signal  vs.  readout  beam 
delay. 


Fig.  2:  DFWM  signal  vs.  readout  beam 
delay,  with  UV  pump. 


Figure  3  depicts  the  DFWM  dependence  on  the  delay  of  the  pump  beam.  In  these  data,  the 
620  nm  beams  are  set  to  give  the  maximum  DFWM  signal  for  (Ph)4.  The  dependence  is 
approximately  a  single-sided  exponential  whose  time-constant  (500  ps)  gives  the  lifetime  of  the 
excited-state  enhancement.  This  value  equals  the  singlet-to-triplet  transition  time  reported  in 
Ref  5  where  standard  spectroscopic  techniques  were  used  to  measure  the  excited  state  lifetimes. 
These  results  suggest  that  the  enhanced  DFWM  signal  for  (Ph)4  results  from  the  population  in 
the  first  excited  singlet  state. 

Fig.  4  shows  the  increase  in  the  enhancement  as  a  function  of  the  UV  pump  energy.  It  is 
apparent  from  these  results  that  we  are  not  yet  in  the  saturation  regime.  This  is  consistent  with 
the  measured  transmission  spectrum  and  suggests  that  a  considerably  larger  DFWM  signal  could 
be  observed  by  increasing  the  pump  power  or  by  tuning  the  pump  wavelength. 

For  device  applications,  it  is  critical  to  ascertain  if  the  enhancement  in  is  associated  with 
an  increase  in  the  absorption  by  the  excited-state.  We  have  endeavored  to  perform  pump-probe 
experiments  to  detect  such  excited  state  absorption  at  640  nm.  For  quaterphenyl,  previous 
reports  indicate  that  the  threshold  UV  flux  level  for  excited  state  absorption  from  the  lowest 
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singlet  Si  state  is  ~  0.1  ^  In  this  study,  the  UV  energy  density  incident  on  the  samples 

(~  1  mJ/cm^)  was  significantly  lower  than  this  value.  Note  that  the  triplet-triplet  absorption 
spectrum  of  (Ph)4  is  also  transparent  at  the  DFWM  wavelength  of  640  nm.^  The  absence  of  an 
appreciable  excited  state  absorption  implies  that  the  %(3)  enhancement  is  primarily  due  to  non¬ 
resonant  effects.  The  long-lived  mechanisms  in  evidence  in  Fig.  2  may  therefore  be  due  to 
solution-based  effects  such  as  orientational,  librational,  or  nuclear  motions.  The  index  grating 
formed  via  such  ordering  represents  a  significant  portion  of  the  observed  response  in  the  case  of 
CS2  and  is  believed  to  result  in  the  observation  of  a  substantial  tum-on  time  for  its  nonlinearity. 
A  longer  turn-on  time  in  comparison  to  CS2  might  be  expected  in  the  case  of  both  DPH  and 
(Ph)4  as  they  are  much  larger  molecules. 


Pump  Delay  (ns) 

Fig.  3;  DFWM  signal  vs.  UV  pump  delay 
for  (Ph)4.  Solid  line  is  a  fit  to  an 
exponential. 


Fig.  4:  DFWM  signal  vs.  UV  pump  energy 
for  (Ph)4. 


These  results  demonstrate  that  time  resolved  DFWM  technique  offers  an  exceptional  method 
for  probing  the  dynamics  of  the  molecular  conformation  and  orientation  after  photoexcitation. 
We  have  also  confirmed  the  observation  large  excited-state  nonlinear  enhancement  in  DPH  of 
Rodenberger  et  al.  and  have  extended  observation  of  this  phenomenon  to  a  new  and  potentially 
important  class  of  materials,  p-oligophenylenes. 
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Even-order  coherent  nonhnear  optical  processes  are  forbidden,  in  the  electric -dipole  approxi¬ 
mation,  in  centrosymmetric  material  systems  such  as  an  isotropic  solution.  However,  orienta¬ 
tional  fluctuations  of  noncentrosymmetric  molecules  can  break  locally  the  macroscopic 
centro symmetry  of  such  solutions  and  make  incoherent  nonlinear  scattering  processes  possible. 
Second-order  light  scattering  was  first  observed  in  1965  from  several  liquids  and  from  fused 
quartz  [1].  In  these  experiments,  a  single  laser  beam  at  frequency  co  was  incident  on  the  sample 
and  scattered  light  at  the  second-harmonic  frequency  2(0  was  detected.  Both  elastic  scattering 
(hyper-Rayleigh  scattering,  HRS)  at  the  exact  second-harmonic  fi'equency  and  inelastic  scatter¬ 
ing  (hyper-Raman  scattering)  with  frequency  displacements  characteristic  to  the  material  were 
observed.  More  recently,  hyper-Rayleigh  scattering  has  gained  popularity  as  a  routine  tech¬ 
nique  to  determine  the  first  hyperpolarizability  P  of  organic  molecules  in  solution  [2]. 

In  this  Paper,  we  present  the  first  experimental  observation  of  a  second-order  scattering 
process  in  which  the  two  incident  photons  are  at  different  frequencies  and  sum-frequency  radia¬ 
tion  is  detected  [3].  We  show  that,  analogous  to  HRS,  this  parametric  light- scattering  (PLS) 
process  can  be  used  to  determine  the  first  hyperpolarizability  of  organic  molecules  in  solution. 
We  also  show  that  by  independent  control  of  the  polarizations  of  the  two  incident  beams  and  by 
detecting  unpolarized  radiation,  the  process  can  be  used  to  determine  relative  values  of  two 
independent  components  of  the  hyperpolarizability  tensor.  The  independent  input  polarizations 
of  the  two  beams  provide  distinct  advantages  compared  to  HRS,  which  requires  the  use  of  depo¬ 
larized  scattered  radiation  to  measure  values  of  individual  tensor  components  [4]. 

Our  experimental  setup  is  shown  in  Fig.  1.  One  incident  beam  is  provided  by  the  funda¬ 
mental  (1064  nm)  output  of  an  injection  seeded  Nd:YAG  laser  (8  ns  pulses,  10  Hz).  The  other 
incident  beam  at  954  nm  is  generated  by  Raman  shifting  the  frequency  doubled  output  (532  nm) 
of  the  Nd;  YAG  laser.  The  energy  of  both  incident  beams  is  always  less  than  1  mJ.  The  incident 
laser  beams  are  made  counterpropagating  and  are  weakly  focussed  into  a  small  cell  containing 
an  isotropic  solution  of  organic  molecules.  We  take  the  954-nm  and  1064-nm  incident  beams  to 
propagate  in  the  negative  and  positive  x  directions,  respectively.  Unpolarized  sum-frequency 
fight  at  503  nm  that  is  scattered  in  y  direction  is  collected  by  a  condenser  system  and  is  filtered 
by  a  low-pass  optical  filter  and  an  interference  filter  before  detection  with  a  photomultiplier. 

For  our  first  set  of  measurements,  both  incident  beams  are  polarized  in  z  direction.  The 
intensity  of  the  1064-nm  incident  beam  is  adjusted  by  means  of  a  half-wave  plate.  The  intensity 
of  the  scattered  fight  is  of  the  form  [3] 

/(C0j-H0)2)  =  gB^I{(0^)I{(0^)  ,  (1) 

where  g  is  an  instrumental  factor  containing  the  scattering  geometry  and  local  field  factors. 
/  (coG  and  I  (CO2)  are  the  intensities  of  the  954-nm  and  1064-nm  incident  beams,  respectively 
and  B  is  the  effective  second-order  nonlinearity  of  the  solution.  In  the  present  experiments, 
the  nonlinearity  of  the  solvent  is  very  small  compared  to  that  of  the  dissolved  molecules,  and 
hence  B^  is  directly  proportional  to  the  number  density  of  dissolved  molecules. 

In  Fig.  2(a),  we  show  the  PLS  signal  as  a  function  of  the  intensity  of  the  1064-nm 
beam  for  different  number  densities  of  para-nitroaniline  in  methanol.  The  intensity  of  the 
954-nm  beam  is  constant.  All  curves  exhibit  the  expected  linear  dependence  on  the  inten¬ 
sity.  From  the  slopes  of  the  linear  fits  in  Fig.  2(a),  we  determine  the  quadratic  coefficients 

gB'^  =  /(C0j-K02)//(C0j)/(C02) 
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Figure  1.  Schematic  representation  of  the  experimental  setup. 


for  each  number  density.  The  quadratic  coefficient  has  the  expected  linear  dependence  on  num¬ 
ber  density  as  shown  in  Fig.  2(b).  We  have  repeated  a  similar  set  of  measurements  for  para- 
nitroanisol  dissolved  in  methanol.  The  quadratic  coefficient  for  para-nitroanisol  is  also  ^own 
in  Fig.  2(b).  The  slopes  of  the  fitted  lines  in  Fig.  2(b)  and  the  reference  value  of  34.5x10'^®  esu 
[5]  for  the  hyperpolarizability  of  para-nitroaniline  yield  a  value  of  12x10"^^  esu  for  the  hyper¬ 
polarizability  of  para-nitroanisol.  This  value  is  in  perfect  agreement  with  the  value  that  has 
been  measured  with  the  EFISHG  technique  in  chloroform  solutions. 

We  next  assume  that  Kleinman  symmetry  is  approximately  valid  for  para-nitro- 
aniline  under  our  experimental  conditions.  Under  this  assumption,  the  two  dominant  com¬ 
ponents  of  the  molecular  hyperpolarizability  tensor  are  P333  and  (3322-  To  determine  the 
ratio  of  these  components,  we  rotate  the  polarization  of  the  1064-nm  incident  beam  by  a  half¬ 
wave  plate  and  record  the  intensity  of  the  (unpolarized)  scattered  sum- frequency  light  as  a  func¬ 
tion  of  the  rotation  angle  of  the  waveplate.  The  result  is  shown  in  Fig.  3  with  a  fit  to  the 
expected  functional  form  of 


1064-nm  intensity  (a.u.)  number  density  (10^^  cm’^) 


Figure  2.  (a)  PLS  signal  as  a  function  of  the  intensity  of  the  1064-nm  beam  for  various 
number  densities  (in  10^^  cm*-^)  of  para-nitroaniline  in  methanol,  (b)  Quadratic  coefficient 
as  a  function  of  number  density  for  pa?a-nitroaniline  and  para-nitroanisol. 
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Figure  3.  PLS  signal  as  a  function  of  the  rotation  angle  of  the  half-wave  plate  that  is  used 
to  control  the  polarization  of  the  1064-nm  beam. 


/(6)  =  asm^20 -t- Z?cos^29  ,  (3) 

where  6  is  the  angle  of  the  waveplate  measured  from  y  direction.  The  coefficients  a  and  b  are 

a  =  ISPggj  +  16p223P222’^  ^^^^2  ’  ^  ~  “  ^^333^322 

The  fitted  values  of  parameters  a  (1009.1  )  and  b  (253.4  )  yield  a  value  PJ22/P333  ®  -0.06,  in 
good  agreement  with  the  result  obtained  by  measuring  depolarized  HRS  radiation  [4]. 

In  conclusion,  we  have  presented  the  first  observations  of  a  parametric  light- scattering 
process  in  which  two  incident  photons  at  different  frequencies  give  rise  to  a  scattered  photon  at 
the  sum  frequency  through  a  nonlinear  interaction  in  an  isotropic  medium.  We  have  shown  that 
this  process  can  be  used  to  determine  the  first  hyperpolarizability  p  of  organic  molecules  in 
solution.  This  new  approach  can  be  used  to  extend  HRS  measurements  to  determine  values  of 
the  hyperpolarizability  for  arbitrary  input  frequencies.  Independent  control  of  the  polarizations 
of  the  two  incident  beams  makes  it  possible  to  use  PLS  to  determine  relative  values  of  two  dif¬ 
ferent  components  of  the  molecular  hyperpolarizability  tensor  by  detecting  unpolarized  radia¬ 
tion.  In  such  measurements,  very  high-quality  polarizers  with  their  inherent  sensitivity  to 
alignment  can  be  used  in  the  collimated  input  beams  to  increase  the  accuracy  of  the  measure¬ 
ment.  The  insertion  losses  of  polarizers  can  be  easily  compensated  by  increasing  the  energy  of 
the  incident  beams.  In  depolarization  measurements  of  HRS,  this  compensation  is  not  possible 
if  the  input  intensities  approach  damage  threshold  of  the  sample  and  hence  the  polarizers  neces¬ 
sarily  reduce  the  measured  signal  level.  In  a  more  general  case,  independent  polarizations  of  the 
incident  beams  in  combination  with  depolarized  scattered  radiation  can  be  used  to  increase  the 
number  of  tensor  components  that  can  be  determined  by  parametric  light  scattering. 

This  research  was  supported  by  the  Belgian  Government  (IUAP-16)  and  by  the  Belgian 
National  Science  Foundation  (FKFO  9.0012.92).  M.K.  is  a  research  fellow  of  the  University  of 
Leuven. 
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Introduction 

The  intramolecular  charge  transfer  through  tt-electron  conjugation  gives  large  optical  non- 
linearities  in  the  molecular  level,  i.e.,  the  third-order  susceptibility  C01,C02,C03) 

depends  on  the  microscopic  third-order  polarizability  7ijki(-M4;  ®3)  of  constituent 

molecular  unit.  We  have  focused  our  researches  for  long  on  the  development  of  one¬ 
dimensional  conducting  polymers  such  as  polythiophenes,  poly  diacetylenes  and  substituted 
polyphenylacetylenes,  and  of  two-dimensional  macrocyclic  conjugated  compounds  such  as 
annulenes  and  metallophthalocyanine  derivatives.  In  this  paper  we  will  discuss  the  key 
factors  for  designing  molecular  structures  and  nonlinear  optical  properties;  that  is,  the 
dimensionality  and  symmetry  of  molecules  and/or  molecular  aggregates. 

One  Dimensional  Systems 

In  conjugated  linear  chain  structures  such  as  polyenes,  n-electrons  are  delocalized  in  their 
motion  only  in  one  dimension  along  the  chain  axis.  Major  contribution  to  Yyki  is  the  chain 
axis  component  Yxxxx  along  the  chain  axis  (x-axis),  and  hence  the  averaged  susceptibility 

<7>  in  isotropic  media  equals  to  one-fifth  of  Yxxxx-  It  has  also  been  found  that  Yxxxx  is 
more  sensitive  to  the  physical  length  of  the  chain  than  to  the  conformation.  Off-resonant 

X^^^iiii(-3co;  to,co,(0)  determined  by  the  third  harmonic  generation  (THG)  is  directly 

related  to  <Y>  of  the  conjugated  compound  through  local  field  factors  f  expressed  in  terms 
of  the  refractive  indices  n®  and  nsu  as 

x[ll{-3co;o},ct},a)  =  NfjJJJ^{Y){-3co-,co,o),Q)),  (1) 

where  N  is  the  number  of  molecules  per  unit  volume. 

Unlike  polyacetylene,  substituted  polyacetylenes  such  as  polyphenylacetylene  (PPA) 
possess  high  molecular  weight  over  1x10^,  dissolve  in  various  organic  solvents,  and  are 
considerably  thermally  stable.  The  substituted  PPAs  have  alternating  double  bonds  along 
the  main  chain  and  their  optical  properties  can  be  controlled  by  introducing  bulky  groups 
as  a  substituent  of  a  phenyl  group.  We  have  examined  third-order  nonlinear  optical 
responses  of  thin  films  of  various  substituted  PPAs  (Table  1),  and  applied  to  nonlinear 
optical  waveguide  devices. 

The  modulation  spectra  of  electroabsorption  (EA)  were  related  to  the  first  and  second 
derivatives  of  unperturbed  absorption  spectra  and  scaled  quadratically  with  the  applied 

field.  The  change  of  optical  absorbance  Aa  under  an  electric  field  leads  to  the  change  of 
refractive  index  An  through  Kramers-Kronig  (K-K)  transformation; 
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Table  1.  Nonlinear  optical  properties  of  substituted  polyphenylacetylene  thin  films. 


Polymer 

^max 

(nm) 

(-3co:cd,co,co) 

(esu) 

PPA 

4cH=c)Tr 

6 

352 

5.4  X  10'^^ 

PDPA 

-(■C=c4- 
^  ^SiMeg 

440 

8.8  X  10'^^ 

P(CF3)PA 

439 

3.0  X  10'^^ 

P(Me3Si)PA 

4ch=c)^ 

536 

1.7  X  10'^^ 

P(Me3Ge)PA 

4ch=c)- 

MesGe^ 

548 

2.6x10'^^ 

*  Fused  Silica  =  1.4  x  esu  at  1907  nm 


300  400  500  600  700  800 

WAVELENGTH  /nm 

Figure  1  Dispersion  of  imaginary  and  real  part  of  x(3)(-co;(0,o,o)  for  P(Me3Ge)PA. 

Anico)  =  -P  r-p-^da',  (2) 

where  P  denotes  the  principal  value  of  the  integral,  and  O)  and  co'  are  wavenumbers  (cm-l). 
Since  the  frequency  of  external  electric  field  is  low  and  the  system  can  be  treated  as  a 
steady  state,  the  K-K  transformation  is  applicable  to  the  PPA  film.  It  should  be  noted  that 

Aa  is  induced  by  an  optically  linear  process.  The  complex  third-order  susceptibility  %  (3)  (. 
co;co,  0,0)  in  cgs  unit  can  be  calculated  by 
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(3) 


X^^\co-,o),0,0) 


nAn  —  kAk  .  nAk  —  kAn 

- - - [-1 - - — 

InF^  InF^ 


where  F  is  the  external  electric  field,  n  and  k  are  respectively  the  real  and  imaginary 

part  of  complex  refractive  index,  and  k=A.a/47i.  The  dispersion  of  x  (-(o;co,0,0)  for 
P(Me3Ge)PA  film  is  shown  in  Figure  1.  As  expected,  the  EA  spectra  show  the  similar 
shape  of  the  second  derivative  of  the  optical  absorption  spectra.  Typical  value  of  x  (- 

co;co,0,0)  for  o-substituted  PPA  was  determined  to  be  ca.  lO'^^esu.  Remarkable  changes  in 
the  linear  and  nonlinear  optical  properties  of  PPAs  can  be  achieved  by  varying  the 
substituents. 


Two-Dimensional  Systems 


In  the  case  of  two-dimensional  it-conjgated  systems,  the  contribution  from  off-diagonal 


components  of  nonlinear  polarizability  Yijki  to  <7>  can  be  expected.  We  have  developed 
novel  two-dimensional  conjugated  systems  for  second-  and  third-order  nonlinear  optics: 
four  types  of  asymmetrically  substituted  macrocycles  and  non-aggregated  phthalocyanines, 
that  is,  meso-monosubstituted  octaethyl  metalloporphyrins,  p-monosubstituted  tetraphenyl 
metalloporphyrins,  mono  (terr-butyl)  vanadyl  phthalocyanine,  tris  (rerr-butyl)  mononitro 
metallophthalocyanines,  and  hexadeca  (trifluoroethoxy)  metallophthalocyanines.  We  have 
already  suggested  the  importance  of  the  control  of  molecular  packing  in  asymmetric 
vanadyl  phthalocyanine  in  order  to  enhance  x^^\-3co;  (o,co,co)  .  No  evidence  of  molecular 
aggregation  was  observed  in  optical  absorption  and  electroabsorption  spectra  for  hexadeca 
(trifluoroethoxy)  metal-free  and  vanadyl  phthalocyanines. 


R 


H2Pc(f-bu)3N02  : 

CHg 

M=H2,  R=  -C-CH3  ,  X=N02 

CH3 

V0Pc(f-bu)3N02  : 

CH3 

M=VO,  R=  -C-CH3  ,  X=N02 
CH3 


Figure  2  Chemical  structures  of  MPc(t-bu)3N02. 

We  performed  the  crossed-condensation  method  to  obtain  the  asymmetrically  substituted 
metallophthalocyanines  which  exhibit  excellent  solubility.  The  chemical  structures  are 
shown  in  Figure  2.  We  examined  the  second-order  nonlinear  optical  responses  of 
asymmetrically  substituted  metallophthalocyanine  in  oriented  Z-type  Langmuir-Blodgett 
(LB)  films  and  electric  field-induced  alignment  of  molecularly  doped  polymers  by  second- 
harmonic  generation  (SHG).  The  one  side-coated  LB  films  show  similar  SHG  responses  to 
the  poled  polymers.  No  anisotropy  in  the  film  plane  was  detected  at  a  normal  incidence. 

In  conclusion,  these  one-  and  two-dimensional  7t-conjugated  systems  have  a  flexibility  of 
molecular  design  for  tuning  their  nonlinearities  in  molecular  level. 
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Experimental  investigations  of  the  nonlinear  optical  susceptibilities  %  of  several 
conjugated  polymers,  oligomers  and  dye  molecules  will  be  presented.  They  offer  the 
possibility  to  find  characteristic  relations  between  x  their  chemical  structure. 

Fig.  1  shows  typical  examples:  poly  (p  -  phenylenevinylene)  (PPV)  and  its  oligomers 
(OPV-n),  polyphenothiazinobisthiazole  (PPT),  polyphenylacetylenes  (PPA),  polythiophenes 
(PT),  oligorylenes  (ORy-n)  and  an  oligomeric  bridged  phthalocyaninato  ruthenium  complex 
(OPc).  Nonlinear  optical  spectroscopy  can  provide  additional  information  on  molecular 
excitation  states  and  their  relaxation  processes,  which  is  not  achievable  by  linear 
optical  techniques  alone. 

A  survey  on  recent  experiments  will  be  given,  aimed  to  characterize  thin  films  of  such 
organic  materials  by  means  of  third  harmonic  generation  (THG)  and  degenerate  four  wave 
mixing  (DFWM).  These  experiments  are  performed  with  laser  wavelengths  which  are  tuned 
over  a  large  spectral  range.  Therefore  resonance  enhancements  of  the  nonlinear  optical 
susceptibilities  x^^X-3to;a),co,co)  and  x^^X-co;Q),a),-co)  can  be  seen  clearly.  They  are 
induced  by  single-  or  multiphoton  excitation  states.  For  an  accurate  evaluation  of 
X^^^-data,  a  precise  knowledge  of  the  refractive  index  of  the  thin  films  is  necessary. 
It  is  obtained  from  a  joint  application  of  ellipsometry,  prism  coupling,  Kramers-Kronig 
analysis  and  reflection  spectroscopy. 

General  relations  between  the  structure,  especially  the  Jength  L  of  the  conjugated  n- 
electron  system  and  the  x^^^-values  can  be  seen,  if  x  is  displayed  in  master  plots 
versus  L,  Amax  (wavelength  of  the  absorption  maximum)  or  a(a)),  which  is  the  absorption 
coefficient  at  the  laser  frequency  (0.  For  one-dimensional  systems  a  scaling  law 
X^^\-3a);a),(0,(o)/amax  ~  Xmax^  is  found.  The  experiments  indicate,  that  the  exponent  x 
could  be  much  larger  as  predicted  by  the  theory  of  Flytzanis  et  al.  In  resonant 
DFWM-experiments  it  is  found  that  x^^  (-OJ;co,(0,-a))  follows  a  scaling  law  x^  ~  [a(®)r  • 
Saturable  absorption  in  electronically  isolated  two-level  systems  leads  to  y  =  2.  With 
conjugated  polymers  y  =  1  is  found  in  the  experiments.  This  is  attributed  to  phase-space 
filling  effects  with  excitons.  These  master  plots  can  be  used  to  evaluate  perspectives 
and  limitations  of  organic  x  materials. 
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It  has  been  recently  shown  that  atoms  can  be  cooled  and  trapped  in  a  three-dimensional 
(3D)  periodic  lattice  of  micron-sized  potential  wells  induced  by  light  [1]  [2J.The  optical 
potentials  arise  from  the  light-shift  of  the  Zeeman  sublevels  of  the  ground  state  in  the  optical 
field  created  by  the  superposition  of  several  light  beams.  To  design  an  optical  lattice  in  which 
an  atom  can  be  efficiently  cooled  requires  first  a  field  geometry  appropriate  for  Sisyplus 
cooling  [3]  where  atoms  are  optically  pumped  in  the  Zeeman  sublevel  having  the  lowest 
energy.  Secondly,  to  obtain  long  trapping  times  in  the  potential  wells,  it  is  necessary  for  the 
field  polarization  at  the  sites  of  maximum  light-shift  to  be  circular  [4]  because  the  probability 
that  an  atom  escapes  from  a  well  by  absorbing  a  photon  having  the  minority  circular 
polarization  is  then  considerably  reduced.  These  two  conditions  can  be  fulfilled  by  several  field 
configurations  and  3D  experiments  were  done  with  four  [1]  and  six  [2J  beams  however 
configurations  with  the  minimum  number  of  beams  have  the  considerable  advantage  to  be 
nonsensitive  to  the  phases  of  the  fields  [1]  .  We  present  results  concerning  the  transmission 
and  the  scattering  of  a  probe  beam  in  these  optical  lattices.  We  have  observed  stimulated  Raman 
and  Rayleigh  gains  as  large  as  70%  for  a  Imm^  lattice  and  the  occurence  of  diffraction  in  the 
Bragg  directions  [1].  We  discuss  the  relation  between  Bragg  diffraction  and  four-wave  mixing. 

Consider  a  3D  lattice  built  with  N  =  4  beams  of  frequency  to  and  wavevectors  ki  (or  a 
2D  lattice  built  with  N  =  3  beams).  A  probe  beam  of  tunable  frequency  cop  and  of  wavevector 
kp  excites  the  vibration  modes  of  an  atom  in  a  potential  well  when  |fo  -  co^|  =  Qy  (where  Qy  is 

an  atomic  vibration  frequency).  The  probe  experiments  a  stimulated  Raman  gain  when 
to  -  (i)p  =  Qy  and  absorption  when  to  -  tOp  =  -Qy.  In  the  more  general  field  configuration, 

three  vibration  eigenmodes  having  different  eigenfrequencies  are  observed  [5]. 

We  now  discuss  in  which  conditions  Bragg  scattering  is  observed.  It  is  welknown 
from  solid  state  text  books  that  Bragg  scattering  can  occur  in  directions  forwhich 

ky=  kp  -I-  K 

24 


where  ky^is  the  wavevector  of  the  scattered  photon  and  K  is  a  vector  of  the  reciprocal  lattice.  It 
is  possible  to  find  the  reciprocal  lattice  from  the  interference  pattern  created  by  the  beams  that 
generate  the  optical  lattice.  However  as  shown  in  [  1  |,  there  is  a  more  elegant  way  of 
determining  the  reciprocal  lattice.  Condition  ( 1 ),  when  multiplied  by  Ti ,  can  be  interpreted  as  a 
momentum  conservation  condition,  the  change  of  momentum  of  the  scattered  photon  being 
absorbed  by  the  lattice.  In  the  case  of  optical  lattices,  the  atoms  are  hound  hy  light  which  means 
that  the  change  of  momentum  of  the  scattered  photon  should  be  compensated  for  by  a 
redistrihution  of  photons  in  the  beams  creating  the  lattice.  Because,  redistribution  processes 
involve  absorption  in  one  lattice  beam  and  stimulated  emission  in  another  lattice  beam,  the 
atomic  momentum  should  change  by  the  quantity 

(2) 

n  =2 

where  the  p„  are  integers.  In  a  coherent  process  such  as  Bragg  scattering,  the  change  of 
momentum  should  be  0  which  implies  that  Bragg  scattering  occurs  in  directions  such  that 

N 

k/  -  kp  =  2  -  k„ )  (3 ) 

The  comparison  with  (1)  shows  that  (ki  -  k2),...,(ki  -  kn)  are  primitive  vectors  for 

the  reciprocal  lattice.  The  simplest  Bragg  scattering  corresponds  to  the  condition 
ky-kp  =  k;-k2  which  is  very  much  like  a  phase-matching  condition  for  a  four-wave  mixing 

process. 

Figure  1-a  shows  an  experimental  observation  of  the  light  intensity  scattered  in  the 
Bragg  direction  versus  cOp  -  co.  The  experiment  was  made  in  2D  lattice  filled  with  cesium 

atoms  and  the  beam  geometry  is  shown  in  Fig  1-b.  A  resonant  enhancement  of  the  Bragg 
scattering  is  observed  for  tOp  -  co  =  ±Qy  and  cOp  -  co  =  0  (Rayleigh  resonance).  In  this 

experiment,  the  peak  intensity  of  the  diffracted  beam  was  2%  of  the  incident  intensity. 

1 1]  G.  Grynberg,  B.  Lounis,  P.  Verkerk,  J.-Y.  Courtois  and  C.  Salomon,  Phy.  Rev.  Lett.70, 
2249(1993). 
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Summary 

An  optical  vortex  appears  as  a  black  circular  spot  surrounded  by  bright  illumination  in  the 
transverse  cross-section  of  a  light  beam.  Diffraction  rings  do  not  form  (as  occurs  when  a  plane 
wave  passes  a  circular  object),  rather  the  center  of  the  vortex  remains  dark.  This  phenomenon  is 
attributed  to  the  phase  of  the  beam,  which  twists  like  a  spiral  stair-case,  along  the  optical  axis. 
In  fact,  this  field  is  a  well  known  mode  in  both  waveguide  and  scattering  theory,  and  is  given  in 
cylindrical  coordinates  by  E (r,  d,z)  =  A  (r)exp(+  /0)  exp(ipz).  As  will  be  shown,  there  are  sim¬ 
ple  methods  of  producing  such  linear  waves. 

In  self-defocusing  nonlinear  refractive  media,  the  refractive  index  is  greatest  where  the 
intensity  is  zero,  e.  g.,  in  the  center  of  an  optical  vortex.  Nonlinear  refraction  tends  to  draw  light 
toward  the  center  of  the  vortex,  however,  the  phase  singularity  described  above  prevents  the  vor¬ 
tex  from  filling  with  light,  owing  to  destructive  interference  .  These  two  effects,  refraction  and 
diffraction,  counter-balance  one-another,  resulting  in  an  “optical  vortex  soliton”  (OVS)  [1].  In 
a  Kerr  nonlinear  medium,  the  propagation  of  the  scalar  field  is  governed  by  the  (2-1-1  )-D  non¬ 
linear  Schrodinger  equation.  This  ubiquitous  equation  also  describes  superfluid  and  supercon¬ 
ductor  phenomena,  where  stationary  vortex  phenomena  where  first  discovered  [4].  Since  1989 
when  Coullet,  Gil,  and  Rocca  proposed  the  spontaneous  formation  of  vortices  within  laser  reso¬ 
nators  [5],  the  laser  dynamics  community  has  seen  an  explosion  of  research  on  vortices.  Before 
long,  single-pass  propagation  of  vortices  in  nonlinear  refractive  media  was  also  considered. 
Several  groups,  apparently  working  independently  and  applying  different  schools  of  thought, 
discovered  the  OVS  phenomenon  in  the  early  1990’s.  The  investigations  of  Chiao,  Deutsch, 
Garrison  and  Wright  [6]  where  based  on  photonic  analogies  of  superfluids.  Snyder,  Poladian 
and  Mitchell  [2]  argued  that  all  modes  of  linear  waveguides  should  have  a  corresponding  “soli¬ 
ton”  in  some  nonlinear  medium  (quotes  are  used  here  because  such  modes  are  not  necessarily 
stable  [7].)  Our  work  [1]  was  motivated  by  a  hydrodynamic  analogy  of  the  decay  of  dark  soliton 
stripes  under  long-period  modulations,  an  effect  known  as  the  Kelvin-Helmholtz  instability  [8]. 
Using  superfluid  analogies,  McDonald,  Syed  and  Firth  described  the  equations  of  motion  of  an 
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OVS  [3].  We  will  describe  application  opportunities  afforded  by  the  dynamics  of  single  and 
multiple  OVS’s. 

A  single  OVS  induces  a  graded  optical  "fiber"  within  a  bulk  nonlinear  medium.  Although 
the  phase  profile  prevents  the  beam  from  illuminating  the  dark  core,  a  second  weaker  (probe) 
beam  with  a  planar  profile  may  certainly  be  coupled  into  the  induced  waveguide.  The  guiding 
properties  are  determined  by  the  wavelength  of  the  probe  beam,  the  index  change  induced  by  the 
pump,  and  the  size  and  grade  of  the  waveguide.  For  a  Kerr  nonlinear  medium,  the  induced 
waveguide  is  characterized  by  the  index  profile  An(l-tanh(A:/w)),  where  An  =  «2-^o  is  the  peak 
index  change,  ^2  is  the  nonlinear  refractive  coefficient,  Iq  is  the  background  intensity  of  the 

1  /O 

"pump"  beam,  and  1/w  =  kAn 

The  OVS  corresponds  to  the  second  order  waveguide  mode  at  cut-off  [2];  thus,  a  band  of 
wavelengths  may  propagate  as  single  modes.  Several  application  opportunities  may  be  immedi¬ 
ately  envisioned  once  we  realize  that  the  OVS  is  actually  a  variable  fiber  whose  guiding  proper¬ 
ties  may  be  modulated  with  light.  For  example,  a  cw  guided  probe  beam  may  be  modulated  by  a 
pulsed  pump  beam.  Another  means  of  optical  control  would  entail  using  a  powerful  (rather  than 
weak)  probe  beam  that  tends  to  erase  the  induced  waveguide;  optical  bistability  may  be  expected 
in  this  case.  Perhaps  the  most  intriguing  configuration  comes  from  modulating  the  refractive 
index  locally,  e.  g.,  in  a  region  of  the  waveguide  channel  -  this  may  be  achieved  using  a  third 
beam  focused  on  the  channel  or  using  electro-  or  acousto-  optical  means.  Such  a  three-port  dev¬ 
ice  (pump,  probe  and  modulator  beam)  would  function  as  the  optical  analog  of  a  field-effect 
transistor.  A  schematic  of  the  configuration  is  shown  in  Fig.  1.  Investigations  are  underway  to 
determine  whether  gain  can  be  attained. 

The  dynamics  of  two  vortices  afford  opportunities  to  achieve  optical  logic  operations. 
When  two  similar  vortices  are  produced  within  a  single  beam,  they  tend  to  rotate  around  one 
another.  Because  this  motion  depends  on  the  presence  of  both  vortices,  all-optical  logic  opera¬ 
tions  (AND,  OR,  XOR)  are  possible  by  placing  detectors  in  the  beam  path.  Although  this  process 
is  inherently  linear,  nonlinear  optics  may  be  used  to  enhance  the  resolution  of  the  phenomenon. 
Under  linear  propagation,  the  vortex  core  size  expands  (owing  to  diffraction),  and  will  overlap 
neighboring  vortices.  Because  the  rate  of  revolution  of  two  vortiees  depends  on  the  square  of 
the  separation  distance,  to  minimize  the  device  length  it  is  necessary  to  have  closely  spaced  vor¬ 
tices  that  do  not  diffract,  i.  e.,  vortex  solitons. 

Any  distribution  of  vortices  may  be  positioned  with  a  single  laser  beam.  For  example,  sta¬ 
tionary  arrays  or  “crystals”  are  possible,  as  well  as  random  distributions  that  appear  turbulent 
[3].  Between  these  two  extremes  is  a  domain  where  the  vortices  are  dynamic  and  well-behaved. 
This  affords  opportunities  to  produce  configurable  optical  interconnections,  using  OVS’s  as  the 
waveguides  that  snake  through  space  to  reach  a  predetermined  destination.  The  underlying  phy¬ 
sics  of  all  these  devices  will  be  described,  along  with  recent  experimental  and  numerical 
findings. 

This  work  was  supported  the  Pittsburgh  Supercomputing  Center,  and  the  U.  S.  Naval  Research 
Laboratory. 
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Figure  1 .  Optical  analog  of  a  field-effect  transistor.  A  pump  beam  (large  cylinder) 
induces  an  optical  vortex  soliton  which  forms  a  graded-index  waveguide  channel. 

A  probe  beam  is  coupled  into  the  channel  and  may  be  detected  at  the  output  of  the 
device.  A  gate  signal  perturbs  the  index  profile  of  the  waveguide,  causing  the 
probe  to  decouple  from  the  guide,  resulting  in  a  decreased  output  probe  strength. 
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Nonlinear  dynamics  in  optical  systems  is  the  subject  of 
considerable  current  research  [1],  An  isolated,  dc-biased 
semiconductor  laser  is  sufficiently  described  by  only  two 
rate  equations:  one  for  the  photon  density  and  another 
for  the  carrier  density  [2],  Consequently,  this  system  can¬ 
not  exhibit  chaotic  behavior.  In  order  to  induce  chaos  in 
such  a  system,  a  third  degree  of  freedom  is  needed.  It 
was  predicted  that  external  optical  injection  can  lead  to 
chaos  through  the  period-doubling  mechanism  [3],  and 
we  have  recently  confirmed  that  prediction  [4]. 

In  this  work,  we  present  evidence  that  the  region  of 
chaotic  dynamics  is  bounded  as  a  function  of  the  injection 
level,  and  that  the  laser  diode  follows  a  period-doubling 
route  to  chaos  as  the  injection  level  is  varied  from  both 
above  and  below  the  chaotic  region.  The  reverse  bifur¬ 
cation  process  from  chaotic  to  periodic  dynamics  with 
increasing  optical  injection  has  not,  to  the  best  of  our 
knowledge,  been  previously  reported  in  laser  diodes.  Fur¬ 
ther,  we  show  that  dynamic  parameters  which  describe 
the  coupling  between  the  free  carriers,  gain  medium, 
and  oscillating  field  are  strongly  modified  by  the  injected 
field. 

To  describe  the  nonlinear  optical  interaction  in  a  laser 
diode  subject  to  strong  optical  injection  we  employ  the 
single-mode  rate-equation  model  which  couples  the  com¬ 
plex  oscillating  field  with  the  carrier  density  [5-7].  In  or¬ 
der  to  perform  numerical  simulations  using  the  coupled- 
equation  model,  we  use  a  set  of  three  real  equations  in 
a  form  which  shows  explicitly  the  dependence  on  specific 
laser  parameters  which  can  be  experimentally  determined 
in  the  weak  injection  limit  [4]: 
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Here,  a  =  (|yl|  -  |Aol)/lAol  and  a,-  =  |A.j/|Ao|,  where 
|A1  is  the  amplitude  of  the  slave  laser  oscillating  field, 
|Aol  is  the  free-running,  steady-state  field  amplitude  and 

30 


|j4,j  is  the  amplitude  of  the  injection  field,  f)  is  the  phase 
difference  between  A  and  A,-,  h  =  {N  —  No) /No,  where 
N  is  the  carrier  density  and  No  is  the  steady-state  car¬ 
rier  density  of  the  free-running  laser,  b  is  the  linewidth 
enhancement  factor  and  jc,  7n,  7p,  and  jg  are  the  pho¬ 
ton  decay  rate,  stimulated  emission  rate,  gain  saturation 
rate,  and  spontaneous  carrier  decay  rate,  respectively 
[6,8].  J  =  iJ/ed-jsNo)/jsNa,  where  J/ed  is  the  carrier 
density  injection  rate.  F'  and  F"  are  Langevin  source 
terms  for  spontaneous  emission  noise  injected  into  the 
laser  mode  [2,7].  All  input  parameters  required  to  nu¬ 
merically  solve  the  set  of  coupled  differential  equations 
for  a,  (j)  and  n  can  be  determined  experimentally  [6,8]. 


Figure  1.  Numerically  obteiined  bifurcation  diagram  of  the 
extrema  of  the  noi-malized  optical  field  amphtude,  a(<),  versus  the 
normalized  injection  level,  Injection  is  at  the  free-running  fre¬ 
quency  of  the  slave  laser. 

The  lasers  used  in  our  investigation  were  nearly  single¬ 
mode  GaAs/AlGaAs  quantum  well  lasers  operating  at 
827.6  nm.  They  have  a  Fabry-Perot  cavity  of  500  pm 
in  length,  with  both  sides  naturally  cleaved.  Both  the 
master  and  slave  lasers  were  temperature  and  current 


stabilized.  The  frequency  of  the  master  laser  was  tuned 
to  the  free-running  frequency  of  the  slave  laser  to  within 
100  MHz.  The  output  of  the  master  laser  was  injected 
directly  into  the  slave  laser  with  careful  alignment  to  have 
good  coupling  into  the  laser  mode.  Isolators  were  used 
to  make  sure  that  no  light  was  injected  into  the  master 
laser.  The  optical  spectrum  of  the  output  of  the  slave 
laser  was  monitored  with  a  Newport  SR-240C  scanning 
Fabry-Perot  which  has  a  free  spectral  range  of  2  THz  and 
a  finesse  of  greater  than  50000. 

Figure  1  depicts  the  numerically  obtained  bifurca¬ 
tion  diagram  of  the  values  of  the  extrema  of  the  elec¬ 
tric  field  amplitude  versus  the  injection  parameter  ^  = 
(7?vl,)/(7c^o).  The  normalized  injected  power  is  propor¬ 
tional  to  As  the  injection  level  is  increased,  the  laser 
follows  a  period-doubling  bifurcation  route  to  chaos  and 
then  a  similar,  but  reversed,  bifurcation  route  out  of  the 
chaotic  region. 


The  coupled  equations  are  numerically  integrated,  and 
the  resulting  time  series  are  Fourier  transformed,  for  var¬ 
ious  injection  levels  using  noise  and  dynamic  parameters 
of  the  laser  independently  determined  by  the  four-wave 
mixing  experiment  [7,8],  Two  sets  of  calculated  optical 
spectra  were  obtained  at  injection  levels  similar  to  the 
corresponding  experimental  spectra  shown  in  Fig.  2(a) 
and  2(b).  The  spectra  in  Figs.  2(c)  and  2(d)  include  a 
spontaneous  emission  noise  source.  The  positions  of  the 
computed  peaks  appear  at  the  same  frequencies  as  the 
corresponding  experimental  peaks.  The  relative  strength 
of  the  computed  peaks  is  consistent  with  the  experimen¬ 
tally  obtained  spectra  when  noise  is  present,  though  there 
is  some  discrepancy  in  the  details  of  the  different  peaks. 
The  generation  of  the  period-doubling  features  happens 
at  approximately  the  same  injection  level  as  experimen¬ 
tally  observed. 


Frequency  (GHz) 


Figure  2.  Optical  spectra  of  a  semiconductpr  laser  under 
optical  injection  at  two  levels  in  a  period-doubling  into  chaos,  (a), 
and  (b)  are  experimentally  measured  spectra  and  (c),  and  (d)  are 
calculated  spectra  with  noise  sources  present.  The  parameters  used 
in  this  calculation  were  exijerimcntally  determined  using  the  four- 
wave  mixing  techique. 


In  Figure  3  we  observe  that  the  relaxation  oscillation 
frequency  changes  as  the  injected  field  is  increased  in 
the  strong  injection  regime.  Figure  3  compares  the  ex¬ 
perimentally  measured  oscillation  frequencies  with  the 
frequencies  derived  by  a  linear  stability  analysis  of  the 
coupled  equation  model.  Over  the  range  where  the  relax¬ 
ation  frequency  more  than  doubles,  the  average  optical 
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power  circulating  within  the  diode  cavity  and  the  aver¬ 
age  carrier  density  have  changed  by  only  a  few  persent. 
The  good  agreement  between  the  observed  experimen¬ 
tal  data  and  the  coupled  equation  model  shows  that  the 
fixed  parameters  on  which  it  is  based,  the  gain  of  the  laser 
diode,  tha  cavityu  and  the  spontaneous  carrier  relaxation 
rates,  and  tha  linewidth  enhanhancement  factor,  are  not 
strongly  influenced  by  the  optical  injection.  However,  the 
dynamics  response  of  the  diode  is  clearly  modified. 

It  was  also  found  that  minor  changes  in  the  linewidth 
enhancement  factor  can  induce  large  changes  in  the  cal¬ 
culated  bifurcation  diagram  and  optical  spectra.  The 
numerical  results  discussed  above  were  obtained  with  a 
linewidth  enhancement  factor  of  b  =  3.47,  which  is  well 
within  the  range  of  uncertainty  of  the  value  determined 
by  the  four- wave  mixing  experiment  [6,8].  We  have  found 
that  the  laser  would  not  develop  into  a  chaotic  state  if 
b  ~  3.1.  Even  with  noise,  there  is  a  major  qualitative 
defference  between  the  spectra  of  a  diode  which  has  only 
undergone  period  doubling  and  one  that  has  entered  a 
chaotic  region. 
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dicates  that  the  high  frequency  dynamics  of  the  system 
is  not  dominated  by  the  presence  of  the  side  modes  for 
these  experimental  conditions. 

In  conclusion,  we  have  observed  a  reverse  bifurcation 
from  chaotic  to  periodic  dynamics  in  a  semiconductor 
laser  subject  to  strong  optical  injection  at  its  free-running 
frequency.  Spontaneous  emission  noise  effects  obscure 
specific  spectral  features  in  the  reverse  period-doubling 
region,  but  by  measuring  the  dynamic  parameters  of  the 
laser  we  have  shown  that  the  coupled  complex-field  and 
carrier  density  model  accounts  for  the  observed  spectra. 
We  have  also  observed  that  that  key  dynamic  prame- 
ters  describing  the  photon-carrier  coupling  in  the  cou¬ 
pled  complex-field  and  carrier  density  model  are  strongly 
modified  by  the  injecting  field  as  predicted  by  a  linearized 
analysis  of  the  coupled  differential  equations. 


[1]  See,  for  example.  Nonlinear  Dynamics  in  Optical 
Systems  Technical  Digest,  1992  (Optical  Society  of 
America,  Washington,  D.C.,  1992)  vol.  16. 

[2]  See,  for  example,  G.  P.  Agrawal  and  N.  K.  Dutta,  Long- 
Wavelength  Semiconductor  Lasers,  (Van  Nostrand 
Reinhold,  New  York,  1986)  Chap.  6. 

[3]  J.  Sacher,  D. Baums,  P.  Panknin,  W.  Elsasser,  and  E.  O. 
Gobel,  Phys.  Rev.  A.  45,  1893  (1992). 

[4]  T.B.  Simpson,  J.M.  Liu,  A.  Gavriehdes,  V.  Kovanis,  and 
P.M.  Alsing,  submitted  to  Appl.  Phys.  Lett. 

[5]  T.  B.  Simpson  and  J.  M.  Liu,  J.  Appl.  Phys.  73,  2587 
(1993). 

[6]  J.  M.  Liu  and  T.  B.  Simpson,  ’’Four  wave  mixing  and 
Optical  Modulation  in  a  Semiconductor  Laser”  to  appear 
in  IEEE  J.  Quantum  Electron. 

[7]  T.  B.  Simpson  and  J.  M.  Liu,  submitted  to  Phys.  Rev. 
Lett. 

[8]  J.  M.  Liu  and  T.  B.  Simpson,  IEEE  Photonics  Technol. 
Lett.  4,  380  (1993). 


Figure  3 .  Calculated  and  experimentally  measured  resonance 
osiUation  frequencies  cis  a  frmetion  of  the  normalized  amplitude  of 
the  injection  field. 

In  the  theoretical  results  discussed  above,  the  effect  of 
side  modes  was  not  included.  The  single-mode  model 
used  here  cannot,  of  course,  account  for  the  partition  of 
power  to  the  side  modes  and  further  work  is  needed  to 
quantify  the  effect  of  the  side  modes.  The  good  agree¬ 
ment  between  the  spectra  calculated  from  the  single¬ 
mode  model  with  noise  and  the  experimental  data  in- 
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Quasi-phasematched  optical  frequency  conversion  in  LiNbOa 

waveguides 


M.  L.  Bortz 

E.  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  94305 


Quasi-pbasematched  optical  frequency  conversion  in  ferroelectric  waveguides  has  evolved  in  the  past  several 
years  from  the  initial  laboratory  demonstration  into  a  nearly  commercial  technology.  Advances  in  periodic  poling  of 
ferroelectric  matprials  for  quasi-phasematching(QPM),  characterization  of  waveguide  fabrication  processes  for  modal 
confinement,  and  high  power  single  longimdinal  and  transverse  mode  laser  diodes  have  resulted  in  the  demonstration 
of  cw  single  pass  QPM-SHG  conversion  efficiencies  exceeding  10  These  same  advances  have  resulted  in  the 
demonstration  of  other  second  order  nonlinear  optical  interactions,  including  the  generation  of  2-3  pm  radiation 
through  QPM  difference  frequency  ntixing  and  QPM  optical  parametric  oscillation  near  1.5  (im.  This  presentation 
will  review  quasi-phasematched  optical  frequency  conversion  in  LiNb03  waveguides  and  discuss  several  different 
waveguide  frequency  conversion  devices. 

The  motivation  for  developing  waveguide  frequency  conversion  devices  stems  from  the  10^-10^  fold 
efficiency  enhancements  over  bulk  interactions  due  to  modal  confinement.  For  example,  the  theoretical,  single  pass, 
birefringently  phasematched  SHG  efficiency  in  a  LiNbOs  waveguide  can  exceed  100  %/W-cm^;  for  a  1  cm  long 
interaction  length,  100  mW  of  fundamental  radiation  would  generate  10  mW  of  second  harmonic  radiation.  This 
enhancement  was  known  for  a  long  time,  but  devices  suffered  from  problems  arising  from  the  use  of  birefringent 
phasematching.  A  technique  to  circumvent  birefringent  phasematching  was  invented  by  Bloembergen  in  1962,2  but 
but  not  implemented  until  recently.  Termed  quasi-phasematching,  this  approach  involves  a  periodic  modulation  of 
the  nonlinear  susceptibility  of  the  material,  resulting  in  a  periodic  modulation  of  the  nonlinear  polarization.  A 
spatial  harmonic  of  the  nonlinear  polarization  may  be  chosen  to  match  that  of  the  freely  propagating  field,  resulting 
in  a  signal  that  grows  quadratically  with  distance,  similar  to  conventional  phasematching.  Periodic  modulation  of  the 
sign  of  the  nonlinear  coefficient  yields  the  highest  conversion  efficiency  and  can  be  achieved  in  LiNbOs  through 
ferroelectric  domain  inversion.  QPM  has  emerged  as  the  most  versatile  method  to  achieve  phasematching.  The  real 
utility  of  QPM  is  that  any  interaction  may  be  phasematched  at  room  temperature,  and  the  fields  may  be  polarized  in 
the  samp,  direction  to  allow  use  of  the  large  d33  nonlinear  coefficient  in  LiNb03.  Theoretical  waveguide  QPM-SHG 
efficiencies  can  exceed  2000  %AV-cm2.  Reference  3  contains  a  detailed  analysis  of  QPM. 

There  are  several  important  issues  in  the  design  of  waveguide  frequency  conversion  devices.  Devices  are 
usually  formed  by  fabricating  a  ferroelectric  domain  inversion  grating  for  QPM,  followed  by  channel  waveguide 
fabrication.  While  the  QPM  grating  period  can  readily  be  controlled,  a  priori  knowledge  of  the  dispersion  in  the 
phase  velocities  of  the  waveguide  modes  at  each  wavelength  may  be  unavailable,  making  prediction  of  the 
phasematching  wavelength  difficult  The  efficiency  of  a  waveguide  interaction  is  given  by  the  cross-sectional  spatial 
overlap  integral  between  the  waveguide  modes,  the  relevant  Fourier  component  of  the  ferroelectric  domain  grating 
used  for  quasi-phasematching,  and  the  nonlinear  coefficient  in  the  waveguide.  There  are  several  techniques  based  on 
periodic  dopant  diffusion  near  the  Curie  temperature  that  result  in  ferroelectric  domain  inversion  in  LiNb03.  These 
methods  generally  yield  domain  gratings  that  have  depths  about  1/3  of  the  period,  with  a  duty  cycle  that  varies  with 
depth.  The  overlap  between  the  domain  grating  and  the  waveguide  modes  couples  the  two  separate  material 
processing  steps  and  complicates  device  design. 

The  widest  range  of  devices,  and  the  highest  normalized  conversion  efficiency  devices  for  blue  light 
generation,  have  been  obtained  in  LiNb03  using  titanium  diffusion  for  periodic  ferroelectric  domain  inversion'^  and 
the  annealed  proton  exchange  (APE)  technique  for  waveguide  fabrication.  Development  of  models  for  the  linear^  and 
nonlinear^  optical  properties  of  APE-LiNb03  waveguides  combined  with  smdies  of  the  domain  grating  for  different 
processing  conditions  have  allowed  us  to  fabricate  and  optintize  a  variety  of  frequency  conversion  devices.  Figure  1 
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shows  the  theoretical  waveguide  modes,  the  Fourier  coefficient  of  the  domain  grating  used  for  QPM,  and  the 
nonlinear  coefficient  vs.  depth  for  a  SHG  device  with  the  second  harmonic  in  either  the  TMoo  and  TMqi  transverse 
mode.  Evaluation  of  the  spatial  overlap  integrals  are  very  helpful  in  designing  devices  with  optimized  efficiencies, 
and  knowledge  of  the  effective  mode  indices  is  useful  for  accurate  prediction  of  the  phasematching  wavelength.  For 
example,  we  recently  demonstrated  a  QPM-SHG  device  that  doubled  976  nm  radiation  with  an  efficiency  exceeding 
200  %AV,  the  highest  values  to  date  for  waveguide  QPM-SHG.^ 
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Figure  1.  Waveguide  inodes  (dashed  lines),  Fourier  coefficient  of  the  domain  grating  (solid  lines),  the  nonlinear  coefficient 
(dotted  lines),  and  product  of  these  terms  (hatched  area)  vs.  depth  for  a  QPM-SHG  device  with  the  second  harmonic  in  either 
the  a)  TMqo  and  b)  TMqi  transverse  mode. 

Quasi-phasematching  offers  new  opportunities  for  controlling  the  tuning  characteristics  of  nonlinear  optical 
interactions.  The  wavelength  or  temperature  tuning  curve  is  determined  by  the  square  of  the  magnitude  of  the  Fourier 
transform  of  the  axial  distribution  of  the  nonlinear  coefficient;  QPM  with  a  uniform  grating  shifts  the  sinc^  tuning 
curve  away  from  Ak  =0  but  doesn't  alter  its  shape.  Perturbations  in  the  period,  duty  cycle,  or  phase  of  an  ideal  QPM 
grating  can  be  used  to  engineer  a  desired  phasematching  response.  Since  shortening  the  length  of  a  unifonn  grating 
results  in  a  linear  increase  in  bandwidth  but  a  quadratic  reduction  in  peak  efficiency,  a  useful  tuning  curve  is  one  that 
yields  a  better  trade-off  between  bandwidth  and  peak  efficiency.  We  recently  demonstrated  a  QPM-SHG  device  with  a 
linear  trade-off  by  imposing  aperiodic  phase  reversals  on  an  otherwise  ideal  QPM  grating.^  Figure  2  shows  the 
experimental  and  theoretical  results  for  a  SHG  device  using  uniform  and  phase-reversed  QPM  gratings.  The  aperiodic 
phase  reversal  sequence  used  was  based  on  a  13-bit  Barker  code.  The  bandwidth  of  this  interaction  was  increased  by  an 
order  of  magnitude  over  the  uniform  interaction,  with  an  accompanying  linear  efficiency  reduction. 

Quasi-phasematched  waveguide  frequency  conversion  is  not  limited  to  SHG;  several  different  types  of 
parametric  interactions  have  recently  been  demonstrated  in  LiNb03  waveguides.  We  demonstrated  difference  frequency 
generation  (DFG)  of  near  IR  diode  laser  wavelengths  to  generate  2.1  |am^  and  2.6-3. 1  |Jm^®  radiation,  the  longest 
wavelengths  generated  to  date  in  LiNb03  waveguides.  Idler  powers  of  about  5  )iW  were  measured,  suitable  for 
spectroscopic  investigations  of  molecular  species.  We  also  demonstrated  nearly  degenerate  DFG  at  1.5  pm  for 
potential  application  as  an  all-optical  channel  shifter,  an  important  device  in  wavelength  division  multiplexed 
communication  systems.  Wavelength  conversion  from  a  1.564  pm  signal  to  a  1.559  pm  idler  with  an  insertion 
loss  due  to  the  frequency  conversion  process  of  -17.8  dB  was  achieved,  the  best  to  date  using  x^^)  for  this 
application.  With  bandwidths  exceeding  100  nm,  these  devices  may  be  useful  for  broadband  wavelength  conversion. 
The  waveguide  and  domain  inversion  models  accurately  predicted  the  performance  of  these  parametric  devices. 
Optimization  similar  to  that  performed  for  SHG  devices  indicate  that  idler  powers  exceeding  1  mW  at  3.0  pm  and 
wavelength  conversion  with  a  -3  dB  loss  at  1.5  pm  should  be  possible  with  =  100  mW  laser  diode  pump  sources. 

The  1.5  pm  parametric  devices  described  above  also  served  as  the  first  step  towards  the  demonstration  of 
QPM-optical  parametric  amplification  and  QPM-optical  parametric  oscillation  (OPO).^^  We  measured  a  parametric 


34 


gain  of  =  2.6  with  5.5  W  of  peak  pump  power  exiting  the  1  cm  long  waveguide,  corresponding  to  an 
efficiency  of  21  %AV.  A  symmetric  OPO  cavity  was  formed  by  affixing  thin  mirrors  to  the  waveguide  endfaces  with 
a  fluorinert  liquid.  The  mirrors  had  a  90  %  reflectivity  band  extending  from  1.4-1. 7  ^un.  At  1.55  pm,  the 
independently  measured  waveguide  propagation  losses  9  %/cm  and  the  roundtrip  OPO  cavity  losses  were  35  %.  The 
measured  cavity  loss  and  observed  parametric  gain  yield  a  predicted  singly  resonant  oscillator  (SRO)  threshold  about 
2.4  W.  We  observed  parametric  oscillation  with  peak  pump  powers  exceeding  4.5  W  coupled  into  the  wavguide. 
Figure  3  shows  the  tuning  data  for  this  device  for  several  nm  of  pump  wavelength  tuning.  This  interaction  in 
LiNbOs  waveguides  could  prove  useful  for  generating  rapidly  tunable  radiation  over  hundreds  of  nm  between  1.2  - 
1 .8  pm  using  a  near-IR  laser  diode.  Overlap  integral  calculations  indicate  that  a  factor  of  4  inaease  in  the  parametric 
gain  can  be  achieved  by  optimized  Ti-diffusion  and  APE-waveguide  fabrication  receipes.  Along  with  a  factor  of  2 
reduction  in  the  waveguide  propagation  losses  and  optimized  output  coupling,  singly  resonant  QPM-OPO  thresholds 
below  1(X)  mW  should  be  possible  in  LiNb03  waveguides,  suggesting  cw  diode  pumping. 

We  have  demonstrated  a  variety  of  quasi-phasematched  frequency  conversion  devices  in  LiNb03  waveguides. 
Development  of  models  describing  the  material  fabrication  processes  used  for  domain  inversion  and  waveguide 
fabrication  allow  rapid  device  demonstration  and  optimization.  More  sophisticated  quasi-phasematched  optical 
frequency  conversion  devices  will  probably  be  demonstrated  in  the  near  future. 


918  920  922  924  926 


Wavelength  (nm) 

Figure  2.  Theoretical  and  experimental  SHG  tuning 
curves  from  waveguides  with  uniform  and  phase  reversed 
gratings. 
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Figure  3.  Signal  (kj)  and  idler  (kj)  wavelength  vs.  pump 
wavelength  for  a  LiNb03  waveguide  OPO.  The  line  is  a 
parabolic  fit  to  the  data. 


1  K.  Yamamoto,  K.  Mizuuchi,  Y.  Kitaoka,  and  M.  Kato,  Appl.  Phys.  Lett.,  62,  2599  (1993). 

2  J.  A.  Armstrong,  N.  Bloembergen,  J.  Ducuing,  and  P.  S.  Pershan,  Phys.  Rev.,  127,  1918  (1962). 

3  M.  M.  Fejer,  G.  A.  Magel,  D.  H.  Jundt,  and  R.  L.  Byer,  IEEE  J.  Quantum.  Electron.,  28,  2631  (1992). 

E.  J.  Lim,  M.  M.  Fejer,  R.  L.  Byer,  and  W.  J.  Kozlovsky,  Electron.  Lett.,  25,  731  (1989). 

^  M.  L.  Bortz  and  M.  M.  Fejer,  Opt.  Lett.,  6,  1844  (1991). 

^  M.  L.  Bortz,  L.  A.  Eyres,  and  M.  M.  Fejer,  Appl.  Phys.  Lett.,  61,  2263  (1993). 

^  M.  L.  Bortz,  S.  J.  Field,  M.  M.  Fejer,  D.  W.  Nam,  R.  G.  Waarts,  and  D.  F.  Welch,  To  be  published  in  IEEE  J.  Quantum. 

Electron. 

^  M.  L.  Bortz,  M.  Fujimura,  and  M.  M.  Fejer,  Electron.  Lett.,  30,  34  (1994). 

^  E.  J.  Lim,  H.  M.  Hertz,  M.  L.  Bortz,  and  M.  M.  Fejer,  Appl.  Phys.  Lett.,  59,  2207  (1991). 

S.  Sanders,  D.  W.  Nam,  R.  J.  Lang,  M.  L.  Bortz,  M.M.  Fejer,  Conference  on  Lasers  and  Electro-Optics,  1994,  paper 
CThD4. 

M.  L.  Bortz,  D.  Serkland,  and  M.  M.  Fejer,  Conference  on  Lasers  and  Electro-Optics,  1994,  paper  CThD6. 

M.  L.  Bortz,  M.  A.  Arbore,  and  M.  M.  Fejer,  Conference  on  Lasers  and  Electro-Optics,  1994,  paper  CPD13. 


35 


7:25pm  -  7:40pm 
MC2 

Second-Order  Cascaded  Nonlinearity  in  Lithium  Niobate 

Channel  Waveguides 


R.  Schiek,  D.Y.  Kim,  M.L.  Sundheimer,  G.I.  Stegeman 
CREOL,  University  of  Central  Florida,  12424  Research  Parkway 
Orlando,  FL  32826,  USA 


The  large  nonlinear  phase  shifts  produced  by  the  cascaded  second-order  nonli¬ 

nearity  [1]  make  this  process  interesting  for  fast  all-optical  data  processing.  Due  to  the 
well-known  advantages  of  waveguiding  for  nonlinear  optics,  cascading  is  most  efficiently  im¬ 
plemented  in  optical  waveguide  structures.  In  fact  the  first  observations  of  cascading  in 
waveguides  by  spectral  broadening  [2]  and  interferometric  intensity-dependent  phase  shift 
measurements  [3]  have  been  reported.  Here  we  describe  a  systematic  interferometric  inve¬ 
stigation  of  the  influence  of  the  wavevector-mismatch  on  cascading.  Titanium  indiffused 
LiNbOs  waveguides  are  used  because  their  superiour  optical  quality  and  the  detailed  know¬ 
ledge  of  their  fabrication  and  characterization  make  them  promising  candidates  for  the  first 
application  of  cascading  in  all-optical  data  processing. 

We  investigated  several  47mm  long  channel  waveguides  with  propagation  along  the  X-axis 
of  a  F-cut  crystal.  They  were  produced  by  indiffusion  of  43nm  thick  Ti-stripes  of  different 
widths  varying  between  4/zm  and  25//m  at  a  temperature  of  1060°  C  during  a  time  of  9  hours. 
The  resulting  waveguides  have  relatively  large  effective  areas  (20  ~  125jum^)  and  small  core 
index  enhancements  (0.001  ~  0.004)  yielding  low  loss  waveguides  (0.03  ~  OAdB/cm).  The 
waveguides  are  characterized  by  measuring  the  number  of  guided  modes  and  their  intensity 
profiles  at  the  Nd:YAG-wavelength  A  =  1.32/zm  and  the  second  harmonic  A  =  0.66/im. 
Theoretical  modelling  is  based  on  graded  index  profiles  which  are  dependent  on  wavelength 
and  polarization  and  which  are  determined  by  the  indiffused  TTconcentration  profile  [4]. 
The  agreement  between  the  experimental  and  the  theoretical  waveguide  characterization 
guarantees  that  the  theory  is  comprehensive  enough  to  be  an  essential  tool  for  adjusting  and 
optimizing  the  conditions  for  cascading. 

SHG  is  phase- matched  in  the  channels  by  coupling  fundamental  TM-modes  with  a  wave¬ 
length  of  A  =  1.32/im  to  second  harmonic  TF- modes.  The  following  results  were  obtai- . 
ned  with  a  single  mode  waveguide  at  the  fundamental  resulting  from  indiffusion  of  a  Ti- 
stripe  with  Wfxm  width.  The  temperature-dependent  Sellmeier  equations  yield  a  predicted 
phase-matching  temperature  of  Tpm  =  359.42°  G  for  optimizing  the  coupling  between  the 
fundamental  T Mqq  and  the  second  harmonic  T Eqo  mode.  In  order  to  tune  the  wavevector- 
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mismatch  around  phase  matching  the  crystal  is  placed  in  an  oven  with  temperature  controlled 
to  a  stability  of  30mA .  The  measured  spectrum  of  the  SHG  shows  maximum  conversion  at 
a  temperature  of  339.9°  (7.  An  overestimate  of  the  birefringence,  predicted  by  the  Sellmeier 
Equations  used,  explains  the  discrepancy  of  19. 5A".  The  serious  asymmetry  in  the  spectrum 
is  well  explained  by  the  nonuniform  temperature  profile  in  the  oven.  A  fiat  profile  in  the 
center  of  the  oven  provides  phase-matching  only  over  a  distance  of  ~  20mm  in  the  wave¬ 
guide  center.  The  temperature  falls  toward  the  edges  of  the  oven.  Taking  into  account  the 
resulting  change  of  the  wavevector-mismatch  along  the  waveguide,  we  calculate  a  spectrum 
in  good  agreement  to  the  observed  spectrum.  The  calculated  spectrum  in  Fig.  1  is  corrected 
for  the  TpM  discrepancy.  The  increased  bandwith  of  the  mea.sured  resonances  indicate  that 
the  temperature  profile  which  has  been  used  in  the  calculations  yields  an  overestimate  of  the 
effective  phase-matching  length. 


- Experiment 

- Theory 


Temperature  [  "C] 


Figure  1:  Temperature  dependence  of  second  harmonic  generation 


With  the  interferometer  described  in  detail  elsewhere  [5],  we  observed  intensity-dependent 
phase  shifts  of  the  fundamental  with  opposite  sign  on  either  side  of  the  phase-matching 
temperature  (see  Fig.  2).  Again,  we  find  an  asymmetry  in  the  results  around  the  phase¬ 
matching  temperature.  It  is  worth  noting  that  this  is  not  a  drawback!  In  fact  such  a  va¬ 
riable  wavevector-mismatch  can  be  a  great  advantage:  an  appropriate  wavevector-mismatch 
distribution  can  be  used  to  tailor  and  optimize  the  effective  nonlinearity  for  bandwidth  and 
throughput.  In  our  example  the  cascading  is  improved  by  having  larger  phase-shifts  at  lower 
temperatures  where  damping  of  the  fundamental  due  to  conversion  to  the  second  harmonic 
is  minimized. 

The  observed  nonlinear  phase  shifts  and  the  good  agreement  between  measurement  and 
simulation  confirms  the  usefulness  of  the  LiNbO^  material  system  and  that  the  model  can 
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be  used  to  design  devices  for  a  first  demonstation  of  all-optical  data  processing  based  on 
cascading. 


We  thank  Dr.  W.  Sohler  from  the  University-GH-Paderborn  for  providing  the  Ti  :  LiNhOz- 
waveguides  and  the  crystal  oven. 


•  Theory 
□  Experiment 
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Figure  2:  Nonlinear  phase  shift  (Fundamental  peak  power:  Ppeak  =  lOW,  SHG-efficiency: 
Ep,ak  =  40%) 
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Application  of  injection-locked  high  power  diode  laser  arrays  as  pump  source  for 
efficient  green  or  blue  Nd:YAB  lasers  and  cw  KTP  optical  parametric  oscillators 
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and  R.  Wallenstein 

Universitat  Kaiserslautern 
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67653  Kaiserslautern,  Germany 

Injection-locking  of  high  power  diode  laser  arrays*’  is  a  powerful  means  to  improve  the 
spectral  and  spatial  quality  of  high  power  diode  lasers.  In  our  experiments  the  45mW  output 
of  a  single  stripe  diode  laser  (SDL  5422)  was  focussed,  for  example,  into  a  20  stripe  IW 
diode  laser  array  (Siemens  480401).  The  substantial  improvement  in  beam  quality  is  shown 
in  Fig.  1.  The  injection-locked  array  emitts  about  80%  of  the  800mW  output  power  of  the 
free  running  array  in  a  nearly  diffraction  limited  beam.  While,  free  running,  the  diode  laser 
array  is  highly  multi-mode  with  a  spectral  width  of  2-3nm,  the  injection-locked  radiation  is 
single-mode  with  a  spectral  width  of  less  than  20MHz.  Injection-locking  thus  improved  the 
spatial  power  density  by  a  factor  of  50  and  the  spectral  power  density  by  5  to  6  orders  of 
magnitude. 
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Fig.  1  :  Far  field  of  a  20-stripe  diode  laser  A:  without  injection-locking  and  B:  with 
inj  ection-locking . 

Injection-locked  diode  laser  arrays  are  of  advantage  for  many  applications,  like  nonlinear 
frequency  conversation  or  pumping  of  solid  state  lasers  with  small  mode  volumes. 
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An  example  of  such  laser  is  the  self  frequency  doubling  Nd:YAB  laser  For  optimum 
efficiency,  the  TEMqo  beam  waist  should  be  about  25fim.  For  TEMoo-mode  operation,  the 
pumped  crystal  volume  should  not  exceed  the  volume  of  the  laser  mode. 

The  importance  of  a  small  pump  focus  is  seen  from  Fig.  2. A.  The  efficiency  increases 
considerably  with  smaller  emitter  size  of  the  pump  laser.  Best  results  are  expected  for 
TEMoo  pump  radiation.  Fig.2.B  shows  the  output  of  a  Nd:YAB  laser,  endpumped  by  an 
injection-locked  diode  laser  array,  vs  pump  power.  With  SOOmW  at  807nm  the  power  of  the 
531nm  output  is  close  to  50mW.  For  comparisation,  the  same  Nd:YAB  laser  was  pumped 
with  a  TEMqo  mode  Ti;Sapphire  laser.  As  seen  in  Fig.  2.B,  the  output  is  identical  to  the  one 
measured  with  the  injection-locked  array. 


pump  power  (mW)  pump  power  (mW) 


Fig.  2:  A:  Efficiency  of  self  frequency  doubling  Nd:YAB  lasers  pumped  by  diode  laser 
arrays  with  different  emitter  sizes  or  the  TEMqo  output  of  a  Ti;  Sapphire  laser 
B:  531nm  TEMqo  output  of  a  Nd;YAB  laser  pumped  by  an  injection-locked  diode 
laser  array  (dark  cirkles)  or  the  TEMqo  output  of  a  Ti: Sapphire  laser  (open  circles) 

The  Nd:YAB  laser's  visible  efficiency  increases  with  laser-  and  thus  with  pump  power. 
With  2.2W  from  the  TiiSapphire  laser,  the  Nd:YAB  laser  emitted  more  than  450mW  of 
single  mode  531nm  radiation.  This  corresponds  to  an  optical  (807nm  to  531nm)  conversion 
efficiency  of  more  than  20  percent!  The  same  efficiency  and  output  power  will  be  obtained 
with  multi- Watt  injection-locked  diode  laser  arrays  which  are  at  present  under  investigation. 

The  injection-locked  array  radiation  is  also  of  advantage  as  pump  source  for  single 
frequency  self  frequency  doubling  Nd:YAB  microchip  lasers. 
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With  appropriate  orientation  the  Nd:YAB  crystal  generates  also  the  sumfrequency  of  the 
fundamental  1062nm  laser  radiation  and  the  coherent  pump  light.  In  this  way  up  to  6mW  of 
blue  radiation  were  generated  in  the  wavelength  range  of  452  -  466nm.  The  continuous 
tunability  is  achieved  by  changing  the  wavelength  of  the  pump  light. 

Blue  light  is  also  obtained  by  self  frequency  doubling  in  a  quasi  three-level  Nd:YAB  laser. 
Angle  tuning  of  the  1.9mm  long  NdrYAB  crystal  (cut  at  34.5°)  generated  blue  light  at 
454. 5nm,  454. 9nm  and  455nm. 

Besides  NdrYAB  the  new  laser  crystal  Nd:LaSc3(B03)4  could  be  another  efficient  self 
frequency  doubling  laser  material,  if  grown  in  the  noncentric  trigonal  space  group  R32.  So 
far  only  crystals  grown  in  the  centrosymmetric  space  group  C2/m  are  available.  The 
advantages  properties  of  this  laser  material  is  demonstrated  by  a  0.22mm  thick  25%  Nd- 
doped  LaSc3(B03)4  microchip  laser  which  generated  up  to  ISOmW  of  single-frequency 
radiation  if  pumped  by  450mW  of  injection-locked  diode  laser  radiation'‘\ 

Besides  for  laser  pumping  injection-locked  diode  laser  arrays  should  be  compact  pump 
sources  for  cw  optical  parametric  oscillators.  For  this  purpose  we  investigate  the  cw 
operation  of  a  tunable  noncritically  phasematched  KTP-OPO  with  a  12mm  long  KTP-crystal 
(XY-cut)  placed  in  a  linear  cavity,  resonant  either  for  the  signal-  and  idler  wave  or  the 
signal-  and  pump  radiation.  The  OPO  is  pumped  at  present  by  a  cw  single-mode  Ti: Sapphire 
laser.  Because  of  the  tunability  of  this  pump  source  (710  -  980nm)  signal-  and  idler  waves 
are  tunable  in  the  range  of  1.05  -  1.3^m  and  2.2  -  3.1^m  respectively.  The  collinear 
pumping  maintains  the  required  perfect  alignment. 

In  first  experiments,  the  doubly  resonant  OPOs  were  operated  at  pump  wavelengths  of  715  - 
820nm  which  corresponds  to  1.05  -  1.17/i4m  and  2.25  -  2.75/xm  of  the  signal-  and  idler 
radiation.  Although  the  losses  in  the  OPO  cavity  are  not  yet  minimized,  the  threshold  was 
as  low  as  150mW.  With  a  pump  power  of  2W  the  total  output  power  exceeded  80mW. 

A  detailed  characterization  of  this  OPO  system  and  its  spectral  properties  will  be  presented, 
including  investigations  which  use  the  radiation  of  an  injection -locked  IW,  764nm  diode 
laser  array  as  pump  source. 
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Single-mode  optical  parametric  oscillator  system  of  BBO  and  KNbOj  tunable 
from  the  visible  (0.42^m)  to  the  infrared  (4/tm) 

A.  Fix,  R.  Urschel,  G.  Goeritz,  D.  Wildt,  A.  Borsutzky,  and  R.  Wallenstein 

Fachbereich  Physik 
Universitat  Kaiserslautern 
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As  has  been  demonstrated  in  previous  investigations*’^  Nd:YAG  laser-pumped  optical 
parametric  oscillators  (OPO)  of  beta-barium  borate  (BBO)  are  powerful  all-solid-state  sources 
of  coherent  radiation  with  a  large  tuning  range  (300-3000nm),  high  internal  conversion 
efficiency  (60-70%),  and  high  output  energies  (100-200mJ).  Narrowband  operation  was  achieved 
by  injection  seeding  with  low  power  monochromatic  radiation^. 

In  the  present  OPO-system  the  seed  radiation  is  generated  by  a  BBO-OPO  with  a  wide 
mode  spacing  (of  about  Icm  *).  This  OPO  -  with  a  2.5-mm-long  BBO  crystal  in  a  3.6-mm-long 
flat-flat  mirror  resonator  -  is  pumped  by  an  injection  seeded  frequency  tripled  Q-switched 
Nd:YAG  laser.  Despite  the  short  crystal  the  OPO  efficiency  exceeds  25%  at  a  355nm  pump 
pulse  energy  of  30mJ  (3  times  above  threshold). 


Fig.l  Averaged  mode  spectrum  of  the  short-cavity  BBO-OPO  oscillator. 
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The  OPO  signal  wave  mode  spectrum  is  shown  in  Fig.  1  recorded  with  a  Im  spectrometer 
and  a  1728-element  photodiode-array  providing  a  spectral  resolution  of  0.25cm  The  width  of 
the  spectral  mode  distribution  is  determined  by  the  gain  bandwidth.  The  pulse-to-pulse  energy 
of  the  individual  OPO  modes  varies  considerably.  The  pulse  energy  distribution  in  an  individual 
mode  is  close  to  an  exponential  function.  The  mode  energy  cross  correlation  coefficient  for 
different  modes  indicates  that  mode  coupling  is  almost  negligible. 

Because  of  the  wide  mode  spacing  a  single  mode  is  easily  separated  by  a  spectral  filter  like 
a  Fabry-Perot  (FSR  25cm‘‘,  Finesse  >  30).  The  width  of  the  mode  transmitted  by  the  Fabry- 
Perot  is  less  than  0.03cm  '.  The  wavelength  is  tuned  by  synchronous  piezoelectric  tuning  of  the 
length  of  the  OPO  cavity  and  of  the  mode-selecting  Fabry-Perot. 

The  radiation  of  the  selected  single  mode  (with  pulse  powers  of  lO-100/.tJ)  is  used  to  seed 
a  355-nm-pumped  high  power  BBO-OPO  (consisting  of  a  flat-flat  mirror  cavity  and  a  12-mm- 
long  BBO  crystal).  With  a  pump  power  of  70mJ  the  energy  of  the  single-mode  output  (Fig.  2) 
exceeds  lOmJ. 


Fig.  2  Fabry-Perot  ring  pattern  of  the 
seeded  single-mode  BBO-OPO 
(FSR  25cm Finesse  <  30). 


For  BBO  the  infrared  transparency  limit  restricts  high  power  OPO  operation  to  wavelengths 
shorter  than  2.3^tm.  For  the  generation  of  infrared  radiation  at  longer  wavelengths  the  OPO 
crystals  of  choice  are  KTP  or  KNbOj  (KNB).  While  transparency  range  and  damage  threshold 
of  these  crystals  are  similar,  the  effective  nonlinear  coefficient  of  KNB  is  about  three  times  as 
high  as  the  one  of  KTP. 

In  our  investigations  a  KNB-OPO  was  pumped  by  pulsed  1.06/xm  NdiYAG  radiation.  The 
OPO  consisted  of  a  7.8-mm-long  crystal  (type  I,  0  =  41°,  O  =  0°)  placed  in  a  12-mm-long  flat- 
flat  mirror  cavity  resonant  for  the  signal  wave.  The  energy  density  at  threshold  was  about 
0.48Jcm'^  and  0.58Jcm'^  for  1%  and  10%  output  coupling,  respectively.  These  thresholds  are 
about  3  times  higher  than  expected  from  theoryf  This  may  indicate  that  the  value  of  the 
effective  nonlinearity  quoted  in  the  literature  is  too  large. 
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The  OPO  wavelengths  measured  and  calculated^  as  function  of  the  phase-matching  angle 
are  shown  in  Fig.  3.  As  seen  in  this  figure  signal  and  idler  wave  are  tunable  in  the  range  of 
1.45-2.01/xm  and  2.27-4.0^m,  respectively,  using  two  sets  of  mirrors.  With  appropriate  mirrors 
the  tuning  range  could  be  extended  to  1.4  -  4.5^m. 
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Fig.  3  Measured  and  calculated  wavelengths  of  the  signal  and  idler  radiation  of  the  1.064-/im- 
pumped  KNB-OPO. 

At  pump  energies  of  two  times  above  threshold  (82mJ  in  a  pump  beam  with  3mm  in 
diameter)  and  a  10%  output  coupler  the  OPO  efficiency  is  about  14% .  This  corresponds  to  pulse 
energies  exceeding  5mJ  at  both  the  signal  and  idler  wavelength.  The  OPO  bandwidth  increases 
with  the  signal  wavelength  from  less  than  5nm  at  <  1.7/xm  to  15-30nm  at  ^  l.S/um. 
Narrowband  single-mode  operation  was  achieved  by  injection  seeding  with  infrared  idler 
radiation  of  the  single- mode  BBO-OPO.  In  this  way  the  KNB-OPO  is  a  powerful  source  of 
tunable  narrowband  infrared  radiation. 
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One  of  the  key  features  of  electronics  is  that  the  complex  amplitude,  including  phase,  can  be 
preserved,  modulated,  amplified  and  recovered  electronically  during  signal  processing.  Since  the  first 
work  on  optical  bistability,  the  nonlinear  optics  community  has  been  trying  to  develop  such  transistor 
operations  for  optical  beams  by  using  an  intensity-dependent  refractive  index.[l]  This  has  placed 
emphasis  on  using  intensity  as  a  control  variable,  omitting  the  opportunity  for  utilizing  the  optical 
phase.  A  totally  different  approach  is  to  use  second-order  nonlinear  processes  such  as  second- 
harmonic  generation  (SHG)  or  parametric  generation.  These  interactions  are  coherent,  therefore,  both 
amplitude  and  phase  of  the  fundamental  and  second  harmonic  (when  the  SHG  process  is  seeded) 
determine  the  output  signal.  As  an  initial  step,  nonlinear  phase  shifts  (both  +  and  -)  in  the 
fundamental  beam  have  been  recently  demonstrated  by  using  the  Z-scan  in  bulk  SHG-active  media[2] 
and  by  self-phase  modulation[3]  in  quasi-phasematched  waveguide  media,  all  in  agreement  with 
theoretical  predictions.  Figure  1  shows  the  phase  shift  as  a  function  of  detuning  from  phase  match 
for  a  crystal  of  KNbOj.  This  cascaded  second-order  nonlinearity  provides  an  alternative  to 
conventional  nonlinear  refractive  (n^)  materials  for  all-optical  switching  application,  and  it 
circumvents  the  problems  of  obtaining  large  n^  combined  with  low  loss  as  there  is  no  irreversible  loss 
in  the  x(2)  process,  i.e.,  the  interaction  can  be  terminated  when  all  the  light  has  been  reconverted  to 
the  fundamental  by  proper  choice  of  crystal  length.  These  phase  shifts  depend  on  the  phase  mismatch 
Ak  so  that  by  controlling  Ak,  we  may  'tune'  the  nonlinearity  to  a  desired  application.  For  example,  a 
positive  Ak  results  in  a  negative  phase  shift  and  vice-versa.[2]  Physically,  these  phase  shifts  do  not 
result  from  induced  changes  in  refractive  index,  but  arise  from  energy  exchange,  and  subsequent 
propagation  at  different  phase  velocities,  between  the  fundamental  (w)  and  second-harmonic  (2w) 
waves.  If  there  is  no  input  at  the  second  harmonic  and  Ak=0,  energy  is  always  transferred  from  w  to 
2w.  It  is  well  known  that  for  Ak#0,  the  direction  of  energy  transfer  is  reversed  upon  propagating  a 
distance  of  one  coherence  length  {t^)  and  the  energy  is  completely  converted  back  to  the  fundamental 
after  a  disance  24.  Due  to  the  phase  mismatch,  the  phase  of  the  downconverted  light  is  shifted  with 
respect  to  the  original  (unconverted)  wave  and  hence  the  fundamental  experiences  an  irradiance 
dependent  phase  shift.  Because  the  process  of  nonlinear  phase  shifting  involves  upconversion 
followed  by  downconversion,  it  is  referred  to  as  a  'cascaded  process'.  It  has  been  shown 

theoretically  that  such  nonlinear  phase  shifts  may  be  applied  to  nonlinear  Mach-Zehnder  and 
directional  coupler  switching  devices.[4]  Furthermore,  numerical  studies  show  that  if  a  weak  SHG 
beam  is  also  input,  both  the  amplitude  and  phase  of  the  fundamental  output  can  be  controlled  with 
the  phase  and/or  amplitude  of  the  seed,[5]  leading  to  new  applications  to  switching  devices,  including 
small  signal  gain  and  transistor  action[6, 7] 
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Figure  1.  Phase  shift  versus  phase  mismatch,  AkL,  in  a  0.5  cm  thick  sample  of  KNbO^ 
along  with  theory. 

Here,  we  consider  this  arrangement  where  the  coherence  of  the  second-order  interaction  is  utilized. 
We  introduce  an  input  second-harmonic  wave  which  has  a  well  defined  phase  with  respect  to  the 
fundamental,  A^,  at  the  input  .  We  refer  to  this  second-harmonic  input  as  the  'seed'  or  control  pulse. 
We  show  that  under  certain  conditions,  even  a  very  weak  seed  can  strongly  modulate  the  transmitted 
fundamental  irradiance.  For  Ak=0,  the  phase  of  the  emerging  second  harmonic  is  7r/2  with  respect  to 
the  fundamental.  Hence  the  application  of  a  weak  seed  with  A(^=7r/2  will  have  minimal  effect  on  the 
output  of  the  system.  However  if  A(^  is  0  or  rr,  the  irradiances  of  the  transmitted  waves  may  be 
strongly  modulated.  Hence,  either  phase  or  amplitude  modulation  (PM  or  AM)  of  the  seed  results  in 
a  strong  amplitude  modulation  of  the  fundamental.  The  AM- AM  transfer  with  gain  between  the  two 
frequencies  is  analagous  to  transistor  action  (although  the  control  beam  is  at  a  different  frequency). 
For  Ak^tO,  we  find  that  the  differential  gain  may  be  larger  than  for  Ak=0.  Plane  wave  calculations 
show  that  100%  modulation  may  be  obtained,  but  spatial  and  temporal  variation  of  practical  optical 
inputs  results  in  less  ideal  switching  characteristics. 

A  I  mm  thick  sample  of  KTP,  oriented  for  type  II  phasematching  for  SHG  at  A=1.06/rm  is  used  to 
experimentally  demonstrate  modulation  of  the  fundamental  by  a  weak  seed.  Using  a  Q-switched  and 
modelocked,  20  ps  FWHM  NcbYAG  laser  pulse,  a  thin  type  I  phase-matched  KDP  crystal  was  used  to 
produce  the  second  harmonic  seed.  Control  of  A<f>  is  accomplished  by  passing  the  collinear  seed  and 
unconverted  1.06  pm  pulses  through  a  cell  containing  gas.  By  varying  the  pressure,  we  exploit  the 
dispersion  of  the  gas  to  produce  a  precise  variation  of  A4>.  The  output  of  this  cell  is  then  weakly 
focused  into  the  KTP  crystal.  We  either  monitor  the  energy  transmittance  of  the  pulse,  or  by  imaging 
and  using  a  small  aperture,  we  eliminate  spatial  integration  effects  and  observe  the  transmitted  on- 
axis  fluence  of  the  fundamental. 
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In  Fig.  2(a)  we  show  the  experimental  variation  of  on-axis  fluence  transmittance,  Tj. ,  as  a  function  of 
peak  on-axis  irradiance  with  AkL=l.l  radians,  for  cases  of  A(j>=0  and  A(p=TT.  In  this  experiment,  the 
seed  fraction  is  continually  varying  since  the  efficiency  of  the  seed  generation  process  increases  with 
laser  output. 


Figure  2:  (a)  On-axis  transmitted  fluence  as  a  function  of  input  1.06  pm  irradiance  with 
a  weak  second-harmonic  seed,  (b)  the  transmitted  fluence  versus  A<i>  at  an  input  irradiance 
of  20  GW/cm'^.  The  solid  lines  in  (a)  and  (b)  are  theoretical  calculations  from  the 
harmonic  generation  equations. 

As  seen  in  Fig.  2(b)  the  input  irradiance  can  be  chosen  to  give  a  modulation  with  phase  (or 
amplitude)  of  up  to  4:1  agreeing  with  the  calculations  obtained  from  the  standard  harmonic 
generation  equations  including  temporal  integration  over  the  time  varying  pulse.  At  this  irradiance 
the  seed  energy  is  =^1%  of  the  fundamental  energy  (~2.8%  of  the  fundamental  peak  irradiance). 
Similar  experiments  have  begun  on  a  crystalline  sample  of  the  organic  material  DAN  which  has  a  d^jf 
approximately  10  times  that  of  KTP.[8] 

The  results  presented  here  give  a  demonstration  of  the  potential  of  all-optical  switching  using 
nonlinearities.  The  switching  irradiance  scales  as  ]"*,  so  that  new  organic  crystals  with  x^^^  more 
than  ten  times  that  of  KTP  will  significantly  reduce  switching  irradiances.  In  addition,  waveguide 
geometries  will  lead  to  further  reductions  in  the  switching  energy. 

We  wish  to  thank  W.E.  Moerner,  R.  Tweig  and  G.  Bjorklund  for  supplying  the  DAN  crystal. 
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Intracavity  and  extracavity  sum-frequency 
generation  between  pump  and  signal  waves  of  an 
optical  parametric  oscillator 
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SUMMARY. 

Sum-frequency  generation  (SFG)  between  the  pump  and  the  signal  waves  of  an  optical 
parametric  oscillator  (OPO)  is  a  promising  efficient  means  of  generating  widely  wavelength- 
tunable  radiation  of  shorter  wavelengths  [1].  Shortly  after  the  advent  of  OPO’s,  intracav¬ 
ity  SFG  and  second-harmonic  generation  in  OPO’s  were  investigated  both  theoretically 
and  experimentally  [2,3].  However,  the  spectral  quality  and  the  stability  of  their  out¬ 
puts  were  poor  because  the  nonlinear  materials  and  the  lasers  then  available  required 
the  use  of  doubly  resonant  OPO’s.  Recently,  intracavity  second-harmonic  generation  in  a 
Ti:sapphire-laser-pumped  femtosecond,  singly  resonant  OPO  was  demonstrated,  yielding 
nearly  transform-limited  pulses  at  greater  than  10%  overall  conversion  efficiency  [4].  In 
this  paper,  we  report  SFG  between  the  pump  and  the  signal  waves  of  a  singly  resonant 
AgGaS2  OPO,  synchronously  pumped  by  100-psec  pulses  from  a  conventional  CW  actively 
mode-locked  Nd:YAG  laser. 

We  have  investigated  both  intracavity  SFG  and  extracavity  SFG  between  the  resonant 
signal  beam  and  the  residual  pump  beam  that  is  not  converted  in  the  parametric  genera¬ 
tion  process.  For  intracavity  SFG,  the  pump  beam  can  be  incident  first  either  on  the  SFG 
crystal  or  the  OPO  crystal.  We  refer  to  these  two  orderings  for  intracavity  SFG  as  the 
SFG-^OPO  and  the  OPO^SFG  configurations,  respectively.  It  is  theoretically  shown  in 
Ref.  [1]  that  the  SFG— +OPO  configuration  is  more  favorable  than  the  OPO— >SFG  config¬ 
uration  in  terms  of  the  stability  of  the  output,  the  conversion  efficiency  over  a  large  range 
of  pump  powers,  and  the  power  loading  on  the  OPO  crystal. 

Schematic  diagrams  of  the  three  configurations  for  SFG  are  shown  in  Fig.  1.  The  three 
experiments  are  based  on  a  AgGaS2  singly  resonant  OPO  that  is  reported  in  Ref  [5].  The 
average  pump  power  incident  on  the  OPO  was  reduced  from  20  W  to  625  mW  by  passing 
the  pump  beam  through  a  low-duty-cycle  chopper.  In  the  experiments  described  in  this 
paper,  the  OPO  consists  of  a  single  10-cm  long  AgGaS2  crystal,  placed  at  near  normal 
incidence  with  respect  to  the  pump  beam.  We  use  for  SFG  a  single  8.5-mm  long  KTP 
crystal,  cut  for  type-II  phase  matching  with  0  —  79°  and  <;;!>  =  0°.  The  pump  beam  at 
1.064  pm  and  the  sum-frequency  beam  near  589  nm  are  ordinary  waves,  and  the  signal 
beam  near  1.319  pm  is  extraordinary. 

For  extracavity  SFG,  we  use  an  output  coupler  of  4%  transmission  at  1.319  /im  and 
93%  transmission  at  1.064/i.  The  pump  and  the  signal  beams  are  focused  by  a  10-cm  focal 
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Figure  1:  Schematic  diagrams  of  experimental  setups,  (a)  External  SFG,  (b)  intracavity 
SFG— >0P0  configuration,  and  (c)  intracavity  OPO— >SFG  configuration. 
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Figure  2:  Cavity  length  detuning  characteristics  of  extracavity  SFG  when  the  OPO  cavity 
is  aligned  to  maximize  the  power  of  (a)  the  signal  from  the  OPO,  and  (b)  the  sum  frequency. 


length  lens  to  spot  sizes  of  approximately  44  and  55  respectively,  at  the  KTP  crys¬ 
tal.  The  results  are  shown  in  Fig.  2.  Figure  2(a)  shows  the  SFG  power  as  the  round-trip 
length  of  the  OPO  cavity  is  varied  while  the  OPO  is  aligned  to  optimize  for  the  OPO  sig¬ 
nal  output.  However,  the  OPO  aligned  in  this  manner  does  not  yield  the  maximum  SFG 
conversion  because  the  pump  pulses  are  substantially  depleted  and  the  birefringence  of  the 
AgGaS2  crystal  causes  spatial  walkoff  between  the  pump  and  the  signal  beams.  Better 
SFG  conversion  efficiency  can  be  achieved  by  having  a  better  balance  between  the  pump 
and  the  signal  powers  and  a  better  spatial  beam  overlap  between  the  pump  and  signal.  By 
aligning  the  OPO  cavity  to  maximize  the  SFG  power  rather  than  the  OPO  signal  output, 
higher  conversion  efficiency  is  obtained  as  shown  in  Fig.  2(b). 

For  intracavity  SFG,  the  output  coupler  is  replaced  by  a  high  reflector  at  1.319  /xm.  Be¬ 
cause  AgGaS2  crystals  absorb  589-nm  radiation,  we  place  a  color  filter  (uncoated  RG695 
glass)  in  front  of  the  AgGaS2  crystal  to  filter  out  the  sum-frequency  radiation  in  the 
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Figure  3:  Cavity-length  detuning  characteristics  of  intracavity  SFG  with  the  crystals  ar¬ 
ranged  in  (a)  the  SFG— ^OPO  configuration  and  (b)  the  OPO— >SFG  configuration. 

SFG^OPO  configuration.  The  color  filter  is  placed  at  Brewster  angle,  and  the  measured 
transmissions  for  the  signal  and  the  pump  beams  are  100%  and  70%,  respectively.  The 
color  filter  also  reflects  20%  of  the  sum-frequency  radiation.  To  better  compare  the  two 
intracavity  configurations,  we  also  place  the  color  filter  in  front  of  the  AgGaS2  in  the 
OPO— >SFG  configuration. 

The  results  of  the  intracavity  experiments  are  shown  in  Fig.  3.  In  both  configurations, 
the  cavity  is  aligned  for  maximum  SFG  power.  The  conversion  efficiency  is  calculated  with 
the  incident  pump  power  at  the  AgGaS2  crystal  and  at  the  KTP  crystal  for  the  SFG— ^OPO 
and  the  OPO— >SFG  configurations,  respectively.  Overall  conversion  efficiencies  of  slightly 
less  than  5%  are  achieved  in  both  configurations.  In  the  OPO— ^SFG  configuration,  the 
color  filter,  which  was  used  only  for  the  purpose  of  comparison,  can  be  removed  to  increase 
the  incident  pump  power.  With  the  incident  pump  power  at  625  mW  in  the  OPO— >SFG 
configuration,  we  observe  conversion  efficiencies  as  high  at  10%,  which  corresponds  to  a 
SFG  power  of  62.5  mW  at  589  nm. 
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Summary 

Complex  transverse  effects  in  nonlinear  optics  like  spontaneous  pattern 
formation  and  nonlinear  dynamic  phenomena  have  attracted  increasing  research 
activities  during  the  recent  years  Cl]  .  Beside  being  of  fundamental  interest,  the 
understanding  of  these  effects  is  important  for  many  applications  where  optical 
nonlinearities  shall  be  used  with  any  kind  of  optical  feedback.  Nonlinear  dynamics 
and  pattern  formation  may  inherently  appear  e.g.  in  devices  like  optically  bistable 
filters  [2]  or  lasers  [3]  leading  to  complex  spatial  and  temporal  behaviour. 
Pattern  formation  and  self-organization  is  also  discussed  to  be  important  in 
future  applications  like  optical  pattern  recognition  [4],  associative  memory  CS], 
optical  information  storages  [6]  and  adaptive  optics  [?]. 

In  order  to  understand  features  of  pattern  formation  processes  in  more 
complex  systems,  one  needs  to  deal  with  simpler  systems  first.  Recently  [8,  93, 
a  rather  elementary  arrangement,  consisting  of  a  thin  Kerr-slice  in  front  of  a 
single  feedback  mirror  was  shown  to  exhibit  diffractive  spatial  instabilities  and 
spontaneous  two-dimensional  pattern  formation  using  nematic  liquid  crystals  as 
nonlinear  optical  media  (Fig.l).  In  the  present  contribution  it  is  shown  that  the 
predicted  [10,  113  hexagons  may  only  appear  with  plane  input  waves  but  are 
generally  not  observed  in  experiments  with  laser  beams  of  finite  diameter.  It  is 
shown  that  the  observed  patterns  for  axially  symmetric  input  intensity  profiles 
using  cylindrical  transverse  coordinates  p  and  cp  can  be  described  analytically  1123 
by  superposition  of  Besselfunction  spatial  modes  as 

n  =  Z  rijnl  q,  t )  cos  {  -  m  tp  }  Jm  (  9  P  )  f of  0  <  g  ^  Wo  ( 1  ) 

m 

where  n  is  the  refractive  index  modulation,  w^  the  input  beam  radius  and  a 
Besselfunction  of  first  kind  and  integer  order  m.  Examples  of  observed  patterns 
compared  with  modes  eqn.  1  are  displayed  in  Fig.  2. 
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Fig.l:  Scheme  of  the  feedback-mirror  experiment.  The  nonlinear  liquid  crystal 
film  ( LC )  is  placed  in  front  of  a  high  reflectivity  mirror  and  illuminated  with  a 
linear  polarized  cw  laser  beam.  The  pattern  formation  is  observed  by  imaging 
the  transverse  near  field  distribution  with  a  lens  on  a  CCD  camera  or  a  screen. 


Fig.2:  Examples  of  patterns  obtained  with  the  feedback-arrangement  and  com- 
parision  with  calculated  Besselfunction  modes,  cf.  eqn.l. 
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For  modes  m  >  0  the  observed  patterns  exhibit  symmetry  breaking  from  the 
O2  space  group  of  the  input  intensity  profile  into  reduced  subgroups  0^^^.  If, 
however,  m  =  0,  the  patterns  consist  of  concentric  rings  showing  no  symmetry 
breaking  at  all.  Furthermore,  the  observed  patterns  are  discussed  in  terms  of 
phase  transitions.  Performing  a  nonlinear  analysis  of  the  generalized  Landau- 
Ginzburg  equation  describing  the  system,  it  is  shown  that  the  investigated 
pattern  formation  can  be  described  by  second  order  phase  transitions  if  m  >  0 
but  is  of  first  order  for  m  =  0.  Consequently,  bistability  and  hysteresis  can  be 
expected  in  the  latter  case,  which  has  been  experimentally  verified  using  photo- 
thermal  nonlinearities  in  these  experiments  for  the  first  time. 

Our  experimental  results  and  analytical  description  of  the  patterns  will  be 
discussed  and  compared  with  numerical  simulations  [13]  of  an  arbitrary  Kerr-slice 
in  front  of  a  feedback  mirror  considering  gaussian  input  beams,  and  with  more 
specific  simulations  of  a  liquid  crystal  film  in  the  investigated  arrangement  which 
have  been  performed  very  recently  [14]. 
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When  accounting  for  the  polarization  of  the  electromagnetic  field,  light  propagation  in 
isotropic  Kerr  materials  is  described  by  two  incoherently  coupled  nonlinear  Schrodinger 
(NLS)  equations  [1].  It  is  known  since  the  early  study  of  Berkhoer  and  Zakharov  that 
incoherent  coupling  between  two  NLS  equations  leads  to  an  extension  of  the  frequency 
domain  of  modulational  instability  (MI)  to  the  normal  dispersion  regime  [1].  The  physical 
mechanism  behind  incoherent  coupling  is  cross-phase  modulation  (XPM)  which  refers,  in 
this  case,  to  each  polarization  component  modulating  the  phase  of  the  other.  It  was  shown,  in 
the  context  of  fiber  optics,  that  MI  with  normal  dispersion  can  also  occur  through  XPM 
between  waves  of  different  frequencies  [2].  The  author  of  this  latter  work  foresaw  the 
fundamental  importance  of  this  phenomenon  when  he  conjectured  that  a  soliton  must  exist 
that  is  associated  with  MI  in  the  normal  dispersion  regime  in  the  same  way  as  the  bright  NLS 
soliton  is  associated  with  MI  of  the  scalar  NLS  equation  in  anomalous  dispersion.  The  aim  of 
our  analysis  is  to  confirm  the  existence  and  describe  the  features  of  this  fundamental  soliton. 

In  dimensionless  units  the  evolution  of  the  circular  polarization  components  of  light 
propagating  in  a  normally  dispersive  Kerr  medium  is  ruled  by  the  incoherently  coupled  NLS 
equations  [1] 

i3zE±  -  attE±  +  IE±|2  E±  +  a  lEf  |2  E+  =  0  ( 1 ) 

where  E±  are  the  counterrotating  polarization  components,  z  is  the  coordinate  along  the 
propagation  axis,  t  is  the  time  in  the  GalHlean  reference  frame  travelling  at  the  group  velocity 
of  the  waves,  and  a  is  the  XPM  coefficient  related  to  the  nonlinear  susceptibihty  tensor  of  the 
material.  From  a  standard  linear  stability  analysis  it  was  shown  in  ref.[l]  that  the  linearly 
polarized  continuous  wave  (cw)  solution  of  this  equation,  i.e.,  E+  =  E_  = 
Eoexp[(l+o)ilEoPz],  is  modulationally  unstable.  A  more  thorough  analysis  of  the  problem  [3] 
indicates  that  modulational  instability  of  this  linearly  polarized  wave  induces  the  growth  of 
periodic  perturbations  of  opposite  sign  in  the  two  circular  polarization  components.  As  a 
consequence,  one  may  expect  that,  up  to  the  nonlinear  stage  of  the  modulation,  the  envelopes 
of  the  two  circularly  polarized  fields  exhibit  two  identical  but  n  out-of-phase  periodic 
structures.  Since  this  instabiUty  involves  a  change  of  the  state  of  polarization  of  the  field,  it  is 
called  polarization  modulational  instabihty  (PMI). 

In  order  to  study  the  dynamics  of  the  periodic  solutions  associated  with  PMI  of  eq.(I),  we 
introduce  the  truncated  three-wave  model  of  ref.  [4].  This  model  is  based  on  the  Fourier  mode 
truncation  of  the  n  out-of-phase  periodic  structures  of  both  field  components: 

E+(z,t)  =  Eo(z)  ±  V2Ei(z)  cos(Qt)  (2) 
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where  Q,  is  the  frequency  of  the  temporal  patterns.  Introducing  the  powers  Pq,  Pi  and  the 
phases  (t)o  and  (|)i  of  the  pump  and  sideband  waves  through  the  relations  Eq  =  (Po)^''^exp(i(t)o) 
and  El  =  (Pi)i/2exp(i(|)i),  the  model  reduces  to  a  set  of  coupled  ode's  for  the  real  variables 
ri  =  Pi/P  and  (})  =  (t)o  -  (t)i,  where  P  is  the  total  power  P  =  IEqI^  +  lEiP.  Simple  algebra 
shows  that  the  variables  are  in  fact  conjugated  through  the  Hamiltonian 

H(ri,(t))  =  (Q2/P  -  a  +  1)  +  (5a  -  3)ri2/4  -  (a  -l)(l-ri)ricos2(j)  (3) 

A  simple  glance  at  the  contour  lines  of  H(ri,(l))  allows  us  therefore  to  characterize  the 
dynamics  of  the  periodic  solutions  of  eq.(l).  These  contour  lines  are  shown  in  fig.l  in  polar 
coordinates  (11,(1))  for  which  the  origin  represent  the  linearly  polarized  cw  solution.  PMI  of 
this  solution  corresponds  naturally  to  the  presence  at  the  origin  of  a  hyperbolic  unstable  fixed 
point.  The  associated  homoclinic  orbit  surrounds  two  stable  elliptic  fixed  points  which  reveal 
the  existence  of  stationary  periodic  solutions  to  eq.(l).  These  stationary  periodic  solutions  are 
the  equivalent  of  the  so-caUed  cnoidal  waves  of  the  scalar  NLS  equation. 

In  the  case  of  the  scalar  NLS  equation  the  link  between  modulational  instability  and  the 
bright  soliton  can  be  simply  seen  by  verifying  that  the  cnoidal  waves  tend  to  the  sech- 
envelope  soliton  as  their  period  tends  to  infinity  (see  ref  [5]  for  a  detailed  analysis).  Here,  to 
identify  the  soliton  associated  with  PMI  we  have  therefore  to  study  the  stationary  periodic 
solutions  as  their  period  tends  to  infinity,  i.e.,  for  Q  0.  Such  a  study  cannot  be  performed 
by  means  of  the  Hamiltonian  model  which  is  only  valid  for  frequencies  close  to  the  optimal 
frequency  of  PMI.  However,  the  information  brought  by  this  simplified  model  (namely  the 
stationary  periodic  solutions  have  the  form  E+  =  u(t)exp(iPz),  E.  =  v(t)exp(iPz)  where  u(t) 
and  v(t)  are  two  real  identical  but  ti:  out-of-phase  periodic  functions)  allow  us  to  calculate  the 
stationary  periodic  solutions  numerically  from  the  full  dynamical  model  eq.(l)  in  a  very  easy 
way.  Fig.  2  shows  the  envelopes  u(t)  and  v(t)  of  these  solutions  for  different  values  of  the 
frequency  We  see  that  as  decreases,  the  envelopes  acquire  higher  harmonics 
corresponding  to  the  appearance  of  domains  of  constant  polarization  separated  by  localized 
structures  in  which  the  polarization  of  the  field  switches  from  one  circular  polarization  to  the 
other.  Fig.3  shows  the  envelopes  obtained  in  the  limit  ^  0.  We  see  that  they  take  the  form 
of  two  symmetric  semi-infinite  kink  waves.  The  localized  structure  they  form  appears  then  as 
a  solitary  wave  exactly  as  the  sech-envelope  soliton  constitutes  the  limiting  state  of  the  cnoidal 
waves  of  the  scalar  NLS  equation.  As  a  consequence,  this  new  solitary  wave  must  be  seen  as 
being  the  soliton  associated  with  polarization  modulational  instability.  We  have  checked  the 
stability  of  the  vector  soliton  by  numerical  simulation  of  the  full  dynamical  model  eq.(l).  As 
illustrated  in  fig.4  which  shows  the  collision  between  a  gray  NLS  soliton  and  the  vector 
soHton,  we  verified  a  robust  soliton-hke  nature  of  this  new  fundamental  nonlinear  wave. 
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Fig.l:  Phase  portrait  of  the  dynamics  of  the  periodic 
solutionsof  eq.(l)  as  obtained  from  the  truncated 
Hamiltonian  system.  The  homoclinic  orbit  reveals  the 
existence  of  stable  elliptic  points  representing  the 
stationary  periodic  solutions  of  eq.(l). 


Fig.3;  Envelopes  of  the  stationary  periodic  solutions 
obtained  in  the  limit  =  0,  i.e.,  envelopes  of  the 
vector  soliton  associated  with  PMI. 


Fig. 2;  Envelopes  of  the  stationary  periodic  solutions 
obtained  from  numerical  integration  of  eq.(l).  (a)  = 

1,  (b)  =  0.8,  (c)  Q  =  0.6,  (d)  Q.  =  0.5.  We  observe 

the  formation  of  localized  structures  as  Q  tends  to  zero. 


Eig.4;  Numerical  simulation  showing  the  collision  of 
the  vector  soliton  and  a  gray  NLS  soliton  inscribed  onto 
the  constant  background  of  uniform  circular  polarization. 
We  see  that  the  gray  NLS  soliton  simply  bounces  back 
on  the  vector  soliton  which  remains  totaly  unchanged. 
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Optical  Kerr  nonlinearity  can  give  rise  to  interesting  soliton  phenomena.  Spatially, 
the  combined  effects  of  Kerr  nonlinearity  with  diffraction  produces  spatial  solitons.  Tem¬ 
porally,  the  combined  effects  of  Kerr  nonlinearity  with  group  velocity  dispersion  produces 
temporal  solitons.  In  homogeneous  media  with  cubic  instantaneous  Kerr  nonlinearity, 
solitons  in  more  than  two  dimensions  are  not  stable.  Recently  it  was  found  that  there 
exist  stable  3D  soliton  solutions  in  graded-index  (GRIN)  materials  as  long  as  the  optical 
power  is  less  than  a  critical  powerful.  The  graded-index  seems  to  help  stabilize  the  soli¬ 
ton  solution.  This  strongly  suggests  that  stable  four  dimensional  (3D  space  -f  ID  time) 
solitons  may  also  exist  in  GRIN  materials.  In  the  present  paper,  by  using  a  variational 
approach,  we  have  investigated  the  propagation  of  a  4D  optical  pulses  through  graded- 
index  materials  with  Kerr  nonlinearity.  We  find  that  stable  4D  solitons  can  exist  as  long 
as  the  dispersion  is  negative  and  as  long  as  the  pulse  energy  is  less  than  a  critical  energy. 

A  GRIN  material  is  a  material  with  a  parabolic  refractive  index. 


n{x,  y,  z)  =  n„(a;)[l  -  -t-  y'^)]  (1) 

The  propagation  of  an  optical  pulse  on  the  axis  of  a  GRIN  waveguide  is  described  by 
the  following  usually  used  paraxial  wave  equation  in  the  time  domain. 

.du  d'^u  d'^u  D&^u  0  9,  ,  .9 

Here  u(a;,  y,  t)  is  the  pulse  envelope  in  the  time  domain.  If  the  carrier  frequency  of  the 
pulse  is  Uo  and  the  propagation  constant  in  the  center  of  the  GRIN  material  is  k{u)  = 
no(u)u/c,  then  the  coefficients  in  eq.(2)  are  given  by  =  l/[2  it(a;„)],  D  =  k" {uo), 
P  =  k{ujo)G{u>o)l2  and  K  =  Here  n2  is  the  nonlinear  coefficient  of  the  refractive 

index. 

By  using  the  standard  variational  approach  based  on  the  Ritz  optimization  procedure^^i 
and  by  assuming  that  the  pulse  can  be  well  described  by  the  following  solution  ansatz  : 


u{x,y,z,t)  =  A{z)ex^\je{z)]F{-^]F[ 

w{z)  w{z) 


y 


(3) 
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we  obtain  the  following  evolution  equations  for  the  four  pulse  parameters. 


dw 

—  =  -2aoPW 

dz 


(4) 


dp  „  r  9  1  1  KEo 

—  =  2ao\p  —  Cl—]  +  2/3  +  C2— — 
dz  w^wt 

dwt  ^ 

—  =  Dpm 

^  =  -Ojpf  -  ci^]  + 
dz  wf 


(5) 

(6) 
(7) 


Here  the  two  coefficients  ci  and  C2  are  two  constants  that  depend  on  the  pulseshape 
function  F.  For  a  gaussian  pulseshape  [F{x)  =  exp(— a:^/2)],  ci  =  1  and  C2  =  l/(4v^). 
Eo  =  A^w^wt  is  a  measure  of  the  pulse  energy.  Its  relation  to  the  real  pulse  energy  also 
depends  on  the  pulseshape  function  F.  For  the  same  gaussian  pulseshape,  the  real  pulse 
energy  Ep  is  given  by  Ep  =  'k^^'^Eo- 

We  find  that  eqs.(4-7)  have  stationary  soliton  solutions  as  long  as  the  dispersion 
parameter  D  is  negative  and  Eg  is  not  too  large. 


0  <  < 


4cp  \D\aT 


(8) 


The  stationary  beam  width  and  pulse  duration  are  plotted  in  Figure  1  and  2  in  normal¬ 
ized  units.  The  normalization  units  we  use  are  :  (1)  spatial  width  :  u;„  =  (ciOio/yS)^/^  (2) 

pulse  duration  :  Wtn  =  [ci|DP/(4q;o/?)]^/^  (3)  energy  :  Eon  =  \/(ci'^^|F)|Q!o'^^)/(8c2V^it'^). 
After  performing  the  stability  analysis,  we  find  that  one  branch  of  the  solution  is  stable 
while  the  other  one  is  unstable.  This  has  been  labeled  in  Figure  1  and  2,  too. 

As  a  numerical  example,  for  a  typical  GRIN  lens  (W-2.0  from  NSG  America  Inc.),  at 
the  620  nm  wavelength.  Go  —  9.3  x  10“^  ,  /?  =  7.5  x  10^^  ao  =  3.1  x  10“®  m.  If 

n2  =  3.2  X 10“^“  m^/VF,  then  K  =  3.2  x  10“^^  m/W.  These  are  the  typical  magnitudes  of 
the  parameters  for  commercially  available  GRIN  materials.  However,  at  this  wavelength 
the  dispersion  of  this  material  is  positive  with  £)  =  1.4  x  10“^^  sec^/m.  Since  there 
is  no  (bright)  soliton  solution  when  the  dispersion  is  positive,  it  may  seem  that  one 
needs  to  try  other  materials  or  other  wavelengths.  Fortunately  the  situation  is  not  so 
bad.  It  has  been  shown  recently  by  one  of  the  authors  (J.  Wang)  and  his  students 
that  by  off-axially  propagating  the  optical  pulse  in  a  helix  trajectory,  the  net  dispersion 
can  be  made  negative^^l  Negative  dispersion  up  to  hundreds  of  square  femtoseconds 
can  be  generated  by  a  1  cm  long  commercial  GRIN  materials.  They  also  proposed  to 
generate  optical  solitons  at  a  wide  range  of  wavelengths  by  taking  advantage  of  this 
phenomenon W.  We  have  generalized  our  variational  approach  to  treat  off- axial  pulse 
propagation  problemsl^l  We  find  that  if  the  pulse  propagates  in  a  helix  trajectory  with 
the  offset  distance  remaining  constant  and  if  the  beamwidth  is  much  smaller  than  the 
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offset  distance,  then  eqs.(4-7)  are  still  correct  except  that  the  dispersion  parameter  D 
has  a  new  value.  If  we  assume  D  =  —5  x  10~^^sec^/m  and  the  pulseshape  is  gaussian, 
for  4-D  solitons  to  exist,  Eo  has  to  be  less  than  8.7  nJ.  That  is,  the  pulse  energy 
Ep  =  has  to  be  less  than  48n  J.  If  we  choose  Eg  =  1  n  J,  then  the  soliton  beam 

width  is  It;  =  14  fim  and  the  soliton  duration  is  Wt  =  180  fs.  From  the  numbers  given 
above,  it  can  be  seen  that  there  should  be  no  big  difficulty  in  generating  such  solitons 
in  today’s  laser  labs.  We  believe  this  may  be  the  simplest  method  to  generate  solitons 
at  a  wide  range  of  wavelengths. 

In  our  variational  formulation,  the  biggest  approximation  is  the  solution  ansatz 
eq.(3).  In  eq.(3),  the  beamwidth  is  assumed  to  be  the  same  across  the  whole  pulse. 
We  think  this  is  a  good  assumption  for  solitons  if  they  exist.  Intuitively,  for  solitons  the 
self  focusing,  diffraction,  selfphase  modulation  and  dispersion  effects  should  be  in  bal¬ 
ance  to  produce  a  nice  pulse  and  thus  the  solution  ansatz  eq.(3)  should  be  good  enough. 
To  make  further  investigation,  we  are  currently  using  a  more  general  solution  ansatz  to 
study  the  same  problem.  The  results  will  be  presented  in  the  conference,  too. 
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1.  Introduction 

Potassium  niobate  (KNb03)  is  an  attractive  choice  as  a  photorefractive  material  for 
dynamic  holography  because  of  its  large  electrooptic  coefficient  and  high  photosensitivity.  The 
physical  mechanism  behind  hologram  storage  and  retrieval  has  been  recently  extensively  studied 
[1,2]. 


In  this  paper  we  describe  a  new  nonlinear  phenomenon  observed  during  scattering  of  a 
single  Ar  laser  beam  in  a  photorefractive  KNbOjiFe  crsytal.  A  vertically  polarized  laser  beam 
(see  Fig.  1)  initially  scatters  in  a  cone  angle  V*2  degrees  behind  the  crys^,  and  later  rearranges 
in  a  hexagonal  spot  array:  the  transmitted  beam  is  surrounded  by  six  spots  lying  on  the  scattering 
cone.  These  six  spots  may  rotate  about  the  center,  and  the  rotation  speed  and  the  intensity  ratio 
of  the  peripheral  spots  to  the  central  spot  are  dependent  on  the  intensity  and  diameter  of  the 
incident  beam. 

This  remarkable  self-organization  of  the  scattering  cone  into  a  hexagonal  spot  array  may 
be  explained  by  a  holographic  intermode  scattering  [3]  which  develops  in  two  stages.  In  the  first 
stage,  scattered  light  is  rearranged  into  a  cone  due  to  intermode  scattering,  forming  the  first 
generation  of  gratings.  At  the  second  stage,  waves  scattered  in  the  cone  write  new  holographic 
gratings  (second  generation  gratings),  and  those  amongst  them  that  have  holographic  grating 
vectors  equal  to  the  strongest  gratings  from  the  first  generation  gartings  are  enhanced.  This 
holographic  self-organization  model  explains  the  appearance  of  hexagonal  spot  structure  around 
the  transmitted  beam. 

2.  Experimental  Results 

The  experimental  setup  is  shown  in  Fig.  1.  An  Ar  laser  (X,=514  nm)  with  vertical 
polarization  and  with  initial  beam  diameter  of  1mm  is  reduced  to  a  beam  diameter  of  0.5  mm 
using  a  confocal  L1-L2  lens  combination,  and  illuminates  a  KNbOj'.Fe  crystal  of  dimensions 
5x5x5  mml  When  the  laser  beam  is  exactly  normal  to  the  incident  surface,  the  far-field  pattern 
comprises  a  strong  central  spot  with  a  peripheral  ring  (which  appears  instantaneously),  which 
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thereafter,  evolves  into  six  symmetrically  spaced  spots  on  the  ring,  as  shown  in  Fig. 2.  The  angle 
of  divergence  of  the  peripheral  cone  is  approximately  2  degrees.  The  time  taken  to  form  the 
spots  is  in  the  order  of  a  few  seconds  for  an  incident  power  of  7.5  mW.  Both  the  central  spot 
as  well  as  the  peripheral  spots  are  predominantly  vertically  polarized.  The  intensity  ratio  of  each 
peripheral  spot  to  the  central  spot  is  about  7%.  If  the  incident  angle  is  slightly  off-normal  (~  0.5 
degrees),  the  six  spots  are  observed  to  have  unequal  intensities,  and  the  entire  pattern  rotates. 
The  rotation  speed  depends  on  the  incident  beam  intensity:  for  instance,  it  is  55  degrees  per 
minute  when  the  incident  power  is  7.5  mW. 

When  the  illuminating  beam  diameter  is  changed  to  1  mm,  the  intensity  ratio  of  each 
perpheral  spot  to  the  central  spot  is  reduced  to  about  1%.  With  an  incident  power  of  7.5  mW, 
the  rotation  speed  decreases  to  4.5  degrees  per  minute.  With  increased  power  (viz.  15  mW),  the 
rotation  speed  increase  to  1 1  degrees  per  minute. 

3.  Discussion 

This  unusual  phenomenon  of  self-organization  of  the  scattered  light  in  a  hexagonal  spot 
pattern  may  be  explained  by  competitive  supporting  interactions  between  two  generations  of 
photorefractive  gratings.  The  small  angle  of  cone  scattering  (  approximately  2  degrees)  may  be 
due  to  the  confinement  of  scattering  near  the  optical  axis  and  the  optical  ray  axis.  For  principal 
values  of  refractive  indices  in  KNbOj  at  0.514  microns  [4]  n,=2.3337,  ny=2.3951  and  n^=2.2121, 
we  obtain  in  the  z-y  plane,  the  angle  of  the  optical  axis  (w.r.t.  z-axis)  is  33.8  degrees,  and  for 
the  ray  axis,  the  angle  is  35.96  degrees  [5],  which  implies  an  angle  difference  of  2.2  degrees. 
This  value  is  close  to  the  observed  scattering  cone  angle,  and  gives  us  good  hints  to  detailed 
calculations  of  observed  phenomenon,  which  is  now  in  progress. 

The  authors  acknowledge  the  assistance  of  Prof.  Don  Gregory  for  providing  the  crystal 
and  helpful  discussions.  This  work  was  partially  supported  by  a  grant  from  the  U.S.  Air  Force. 
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Fig.  1  Experimental  setup. 


Fig.  2  Far-field  pattern  showing  central  spot  and  hexagonal  spot  array. 
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A  ring-cavity  system,  filled  with  an  isotropic  nonlinear  medium  and  driven  by  a  linearly 
polarized  coherent  input  field,  has  been  the  subject  of  intense  study  over  the  last  decade. 
This  system  can  show  a  number  of  non-equilibrium  phase  transitions,  including  optical 
bistability  (OB)  [1],  and  transverse  pattern  formation  [2-5].  In  particular,  a  mean  field  OB 
model  [4]  was  found  to  give  rise  to  hexagonal  patterns,  at  least  for  a  self-focusing  medium. 
This  mean-field  model  was  shown  to  represent  a  special  case  of  a  more  general  infinite 
dimensional  map  describing  transverse  coherent  structures  in  optical  bistability  [3],  A  self- 
defocusing  medium  has  not  been  studied  in  great  detail  for  the  reason  that  the  parameter 
regime  in  which  transverse  pattern  formation  occurs  coincides  with  the  bistable  regime:  The 
instability  responsible  for  pattern  formation  then  simply  serves  to  drive  the  system  from  the 
unstable  lower  branch  to  the  stable  upper  branch.  This  conclusion,  however,  is  based  on  the 
assumption  that  the  internal  field  in  the  nonlinear  ring-cavity  preserves  its  polarization  state 
as  that  of  the  input  field.  Here  we  extend  the  mean  field  model  to  include  polarization  effects. 
This  extension  leads  to  a  polarization  instability  which  can  occur  without  accompanying  OB 
for  a  defocusing  medium.  We  find  that  there  are  in  fact  two  pattern  forming  modes,  one  of 
which  preserves  the  state  of  polarization  of  the  field  (symmetric  mode)  while  the  other  does 
not  (asymmetric  mode).  The  symmetric  mode,  which  dominates  in  a  self-focusing  medium, 
gives  rise  to  hexagonal  patterns  while  the  asymmetric  mode,  which  prohibits  the  formation 
of  transcritical  hexagons,  may  be  isolated  in  a  self-defocusing  medium.  In  this  case  we  find 
that  rolls  dominate  close  to  the  instability  threshold,  while  further  from  equilibrium  we 
observe  a  variety  of  structures  including  disclinations,  dislocations  and  roman-arches. 

Our  basic  model  consists  of  a  nonlinear  ring-cavity  which  is  filled  with  an  isotropic 
nonlinear  Kerr  medium  and  driven  by  a  linearly  polarized  input  field.  We  may  generalize 
the  mean-field  model  [2]  by  allowing  for  the  vector  nature  of  the  field,  in  which  case  the 
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evolution  equation  for  the  electric  field  becomes 

—  =  -11  +  i,ME  +  El  +  .aV"E  +  i>,(/l(E.E-)E  +  f  (E.E)E-) 

where  E  =  co\{£j:,£y)  is  the  (scaled)  vector  electric  field  envelope,  Ei  is  the  input  field^, 
=  +1(-1)  indicates  self-focusing  (self-defocusing),  0  is  the  cavity  detuning  parameter,  V 
is  the  transverse  Laplacian  and  'a'  measures  the  relative  strength  of  transverse  diffraction. 
The  scaling  employed  is  identical  to  those  in  references  [2,4],  Note  that  A  -f  B 12  =  1  and 
for  the  Kerr  effect  in  liquids  A  =  1/4,  B  =  3/2  while  A  =  1,  .8  =  0  for  an  electrostrictive 
nonlinearity.  The  mean  field  model  [2]  is  recovered  in  the  limit  of  a  linearly  polarized  field, 
e.g.  E  =  for  arbitrary  A  and  B.  Their  work,  however,  gives  no  indication  of  whether 

these  linearly  polarized  solutions  are  stable. 

These  equations  admit  both  symmetric  and  asymmetric  stationary  plane-wave  solutions. 
The  symmetric  solutions  give  rise  to  vector  fields  with  the  same  linear  polarization  state  as 
the  input  field.  This  corresponds  to  the  scalar  case  previously  discussed  in  references  [2,4]. 
Asymmetric  solutions  were  previously  discussed  [6]  in  the  context  of  OB  in  a  symmetrically 
pumped  ring  resonator.  In  that  case  the  symmetry  was  with  respect  to  the  propagation 
direction  around  the  ring  cavity,  whereas  here  the  asymmetry  is  with  respect  to  the  two 
circular  polarizations. 

Linear  stability  analysis  of  the  symmetric  stationary  plane-wave  solutions  reveals  two 
distinct  forms  of  instability  -  symmetric  and  asymmetric  instability.  In  the  former  case,  the 
perturbations  to  the  plane- wave  solutions  are  in  phase,  so  the  field  remains  linearly  polarized 
even  though  the  underlying  (symmetric)  solution  is  unstable.  The  symmetry  between  the 
two  circular  polarization  states  is  therefore  preserved,  and  the  vector  field  maintains  the  same 
linear  polarization  as  the  input  field.  This  case  is  identical  to  that  previously  described  in 
references  [2,4],  that  is,  the  scalar  case. 

In  the  latter  case,  i.e.,  that  of  asymmetric  instability,  the  perturbations  are  tt  out  of 
phase.  This  is  a  polarization  instability  which  produces  a  symmetry  breaking  between 
the  two  circular  polarizations,  and  causes  the  vector  field  to  evolve  away  from  the  linear 
polarization  state  of  the  input  field. 

We  will  report  on  the  consequences  of  the  existence  of  these  two  distinct  pattern  form¬ 
ing  modes.  Why  distinct?  Hexagonal  patterns  are  generically  preferred  in  the  absence  of 
further  symmetries  [7],  such  as  an  inversion  symmetry.  The  symmetric  instability  gives  rise 
to  a  mode  which  does  not  have  this  symmetry  and  we  therefore  expect,  in  general,  that 
(transcritical)  hexagon  will  dominate.  This  was  confirmed  in  the  scalar  case  [4,5],  where  the 
instability  is  to  the  symmetric  mode. 

The  asymmetric  instability,  on  the  other  hand,  yields  a  mode  which  possesses  the  inver¬ 
sion  symmetry.  In  general  we  do  not  expect  hexagons  in  this  case  and  we  have  begun  to 
consider  which  planforms  are  permissible.  If  we  operate  close  to  the  bifurcation  point  then 
we  can  completely  isolate  the  asymmetric  mode  in  a  self-defocusing  medium  when  0  <  2.  We 
have  run  numerical  simulations  on  our  model  equations  on  a  periodic  domain  for  a  variety 
of  parameter  values,  and  in  Figure  1  we  show  the  results  for  B— 2  (A— 0),  0  —  1.  Figure 
1(a)  shows  the  stationary  solution  that  prevails  at  50  %  above  threshold,  and  it  exhibits 
several  interesting  features.  The  underlying  structure  consists  of  rolls,  and  we  see  several 
dislocations,  a  disclination  at  the  top  and  a  roman  arch.  The  next  five  images  depict  the 
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temporal  evolution  of  Figure  1(a)  when  we  decrease  the  pump  to  10  %  above  threshold. 
The  disclination  and  the  roman  arch  are  unstable  and  the  final  state,  once  the  remaining 
dislocations  glide  across  rolls  and  annihilate,  is  a  set  of  straight  parallel  rolls. 
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Recent  experiments  [1]  have  estabUshed  that  exotic  transverse  patterns  such  as  defects,  squares 
etc,  can  emerge  across  the  aperture  of  a  large  Fresnel  number  laser.  A  key  theoretical  observa¬ 
tion,  for  example,  is  that  the  MaxweU-Bloch  equations  describing  wide  aperture  homogeneously 
[2],  inhomogeneously  broadened  lasers  or,  the  many-body  MaxweU-Semiconductor  Bloch  equations 
describing  a  broad  area  semiconductor  laser,  are  isomorphic  to  a  certain  class  of  universal  order 
parameter  equations  describing  patterns  in  general.  The  latter  equations  are  universal  in  the  sense 
that  they  describe  patterns  (convection  roUs,  squares,  hexagons  etc),  and  their  defects  in  diverse 
physical  systems  such  as  fluids,  hquid  crystals,  magnetisation  phenomena  near  a  critical  point  (for 
example  a  Lifshitz  point).  The  basic  mathematical  form  of  the  order  parameter  equations  remains 
fixed  with  the  physics  of  the  relevant  process  contained  in  their  coefficients.  Quantitative  infor¬ 
mation  on  the  scaling  laws  determining  characteristic  space  and  time  scales  are  reflected  in  how 
the  physical  parameters  are  combined  in  these  coefficients.  Such  scaling  behavior  is  by  no  means 
evident  in  the  original  physical  model  equations. 

Of  what  relevance  are  such  equations  to  laser  physics?  First  of  aU,  they  remove  a  spurious  non¬ 
physical  instabihty  associated  with  standard  adiabatic  ehmination  of  the  polarization  variable  in  the 
MaxweU-Bloch  equations  when  diffraction  is  added  [3].  These  instabilities  mimic  grid  osciUations 
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and  are  often  mistakenly  identified  with  unstable  numerical  schemes.  Secondly,  the  analysis  of  such 
equations  teUs  us  which  transverse  patterns  (modes)  are  selected  near  threshold  and  whether  these 
are  stable  to  further  sideband  instabilities.  Thirdly  the  stability  of  a  particular  pattern  (shape  of  a 
mode  in  the  transverse  dimension)  can  be  inferred  analytically  from  the  study  of  a  phase  evolution 
equation  associated  to  that  particular  pattern.  The  combination  of  original  physical  model,  order 
parameter  equation  and  phase  equation  provides  a  unique  self-consistency  check  of  the  theory. 

The  MaxweU-Bloch  laser  equations  for  a  transversely  extended  single  longitudinal  mode  laser 
are  given  by: 


e*  +  iaV^e  —  —ae  -f-  trp 

Vi  +  (1  +  iO)p=  (r  -  ra)e  (1) 

Tij  +  =  ^(e*p-|-p*c) 

where  time  is  scaled  to  the  polarizationdephasing  rate  7^,  a  =  b  —  ^  and  fi  =  {u>i2  —  a;)/7i. 

Complex  order  parameter  equations  for  class  C  lasers  (71  «  72  k)  where  72  is  the  inversion 
decay  rate  and  k,  the  cavity  damping  rate,  belong  to  the  Lorenz-like  class  of  systems  and  have  been 
studied  in  some  detail  [4,5].  Near- field  transverse  traveling  wave  solutions,  which  are  the  only  known 
exact  finite  amplitude  solutions  to  the  MaxweU-Bloch  equations  given  below,  tend  to  be  robust  in 
large  ranges  of  physical  parameter  space.  When  the  detuning  of  the  laser  from  the  gain  peak  is  finite 
and  negative  (Cl  <  0)  the  near  threshold  pattern  dynamics  is  described  by  the  Complex  Ginzburg- 
Landau  order  parameter  equation  [4].  The  transversely  homogeneous  state  of  the  laser  tends  to 
be  stable  but  defects  (complex  zeroes  of  the  field)  can  arise  from  noisy  initial  conditions  and  these 
tend  to  persist  and  show  complex  spatio-temporal  behavior.  For  positive  detuning  (fi  >  0),  two 
coupled  order  parameter  equations,  caUed  Complex  NeweU-Whitehead-Segel  (CNWS),  appear  as 
the  natural  description  of  near-threshold  patterns  representing  counterpropagating  traveUng  waves 
in  the  transverse  x-y  plane  [5].  The  presence  of  one  traveUng  wave  tends  to  depress  the  other 
traveUng  in  the  opposite  direction  and  the  far-field  output  of  the  laser  tends  to  appear  as  a  single 
off-axis  lobe. 

We  wiU  discuss  a  novel  out-of-phase  (by  |)  osciUating  standing  wave  pattern  which  appears 
as  a  stable  output  of  the  laser  near  threshold.  This  pattern  when  time-averaged  (to  aUow  for  an 
integrating  detector)  appears  as  a  stationary  square  lattice  bearing  a  remarkable  similarity  to  the 
recent  experimental  observations  in  a  high  Fresnel  number  CO2  laser.  We  also  predict  the  existence 
of  complex  spatio-temporal  pattern  evolutions  which,  when  time  integrated,  appear  stationary  and 
rather  regular.  The  geometry  of  the  external  pump  can  profoundly  influence  the  nature  and  relative 
disposition  of  near-field  patterns.  Figure  1  shows  a  sequence  of  frames  of  the  near-field  intensities 
of  square  and  circular  geometry  wide  aperture  two-level  laser.  Each  of  these  pictures  are  stationary 
in  intensity  but  show  dynamic  traveUng  wave  and  spiral-Uke  patterns  in  the  real  and  imaginary 
parts  of  the  complex  field.  The  boundary  conditions  in  the  square  pictures  are  periodic  and  in  the 
circular  pictures  the  region  outside  the  pattern  is  absorbing.  With  reflecting  boundary  conditions, 
one  can  observe  complex  spatiotemporal  dynamics  in  the  near-field  intensity  but  the  time  averaged 
dynamics  appear  stationary. 
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We  will  show  that  near  the  peak  of  the  gain  curve,  the  pattern  dynamics  is  described  by  a 
Complex  Swift-Hohenberg  equation  (CSH).  The  real  order  parameter  version  of  this  equation  was 
originally  derived  in  the  context  of  hydrodynamic  fluctuations  at  a  convective  instability  and  is  also 
relevant  to  the  study  of  a  phase  transition  near  a  “Lifshitz  point”  for  example,  in  alloys.  Using 
singular  perturbation  methods  and  multiple  scales  (time  and  space)  analysis  we  obtain  the  following 
CSH  equation  for  a  two-level  laser: 

(a  +  1)^  =  a{T  -  1)^  -  f  1^1'^  (2) 

where  'll:  is  the  complex  order  parameter.  We  will  also  demonstrate  that  for  a  Class  B  laser, 
the  single  order  parameter  equation  description  is  invalid.  We  obtain  instead  a  generalized  rate 
equation  description  which  captures  the  correct  physics  and  consequently  does  not  suffer  from  the 
spurious  instability  mentioned  above. 


Figure  1  (a)  Square  like  lattice  observed  in  the  near-held  intensity  of  a  wide  aperture  laser,  (b) 
Zippper  states,  (c)  annular  standing  wave  in  a  dylindricaUy  pumped  laser  and  (d)  annular  emission 
in  the  same  geometry  as  (c). 
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Photorefractive  crystals  have  promising  applications  in  storage  for  parallel  information 
processing  due  to  their  large  storage  capacity,  fast  access  time  and  read  /  write  /  erase  capabilities. 

The  dynamics  of  a  composite  grating^  which  consists  of  an  original  grating  and  a  newly 
superimposed  grating  with  arbitrary  relative  phase  shift  has  been  investigated  for  reconfigurable 

optical  interconnection  ,  updating  interconnection  weights  in  neural  networks  and  fast  update  m 

photorefractive  memories."^  However,  previous  research^  neglects  beam  coupling  effects  such  as 
nonuniform  distribution  of  the  space  charge  field  along  the  crystal  depth  and  fringe  bending 
phenomena.  In  this  summary  of  presentation,  the  effects  of  beam  coupling  on  the  dynamics  of  a 
composite  grating  is  investigated  by  numerical  simulations. 

The  dynamics  of  a  composite  grating  is  derived  by  solving  a  combination  of  coupled  wave 

equations  and  photorefractive  material  equations.®’  ^  The  behavior  of  the  beam  coupling  can  be 
described  by  the  following  coupled  wave  equations. 


where  and  S2  are  complex  amplitudes  of  the  two  writing  beams,  T  is  the  coupling  coefficient, 
Eg(.  is  the  complex  amplitude  of  the  space  charge  field,  z  denotes  the  coordinate  in  the  direction  of 
photorefractive  crystal  thickness.  Assuming  first  order  perturbation,  the  dynamics  of  a  space 
charge  field  Eg^,  is  obtained  from  material  equations*  and  is  given  by 


^  ^SC  ,  A  ^SC 


=  B 


(2) 


where  Iq  is  the  sum  of  the  two  writing  beam  intensities,  Eq  is  the  limiting  space  charge  field,  tjsj  = 
t  /  T  is  the  time  normalized  with  respect  to  the  dielectric  relaxation  time  t,  and  A  and  B  are 
constants  determined  by materials  as  well  as  recording  conditions. 


Eqs.  (1)  and  (2)  are  numerically  solved  using  the  following  assumptions:  photorefractive 
crystal  is  SBN,  the  grating  period  is  1  pm,  two  writing  beams  have  extraordinary  polarization. 

Material  parameters  are  taken  from  the  literatures.^’  Two  different  cases  are  considered:  crystal 
thickness  is  3  mm  with  no  external  electric  field,  and  1  mm  with  dc  external  electric  field  of  8  kV/ 
cm  applied  along  the  crystal  optic  axis.  The  first  case  (with  no  electric  field)  includes  only  the 
effect  of  the  nonuniform  distribution  of  the  space  charge  field  due  to  beam  coupling,  and  the 
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selective  erasure  is  realized  by  applying  the  phase  shift  of  180°.  The  second  case  (with  electric 
field)  includes  both  nonuniform  distribution  of  the  space  charge  field  and  the  fringe  bending 
effect.  Figs.  1(a)  and  1(b)  show  the  time  evolution  of  the  diffraction  efficiency  of  the  composite 
grating  for  recording  with  and  without  electric  field.  First,  the  original  grating  was  recorded  for  a 
certain  period  of  time,  then  various  relative  phase  shifts  were  introduced  in  one  of  the  two  writing 
beams  at  tj^  =  2.0  for  Fig.  1(a)  and  t^  =  0.5  for  Fig.  1(b).  Phase  shift  \\f  was  determined  so  that  the 
diffraction  efficiency  reaches  the  minimum  value  during  the  erasure  process:  \|;  =  180°  for  the 
case  with  no  electric  field  and  \|/  =  285°  for  the  case  with  the  dc  electric  field  of  8  kV/cm.  Both 
cases  show  reasonably  large  decrease  in  diffraction  efficiency.  Figs.  2(a)  and  2(b)  show  the 
normalized  amplitude  of  the  space  charge  field  lEg^l  /  Eq  as  a  function  of  crystal  depth  z  at  various 
times  after  the  phase  shift  was  introduced.  Fig.  2(a)  shows  that  the  original  grating  in  the  deeper 
region  of  the  crystal  is  erased  faster  by  the  superimposed  one  than  that  in  the  shallower  region 
because  the  initial  space  charge  field  distribution  is  nonuniform  due  to  beam  coupling.  Fig.  2(b) 
shows  that  the  original  grating  is  completely  erased  only  at  the  center  of  the  crystal.  Since  the 
fringe  bending  results  in  dramatic  phase  change  between  the  interference  pattern  and  the  space 
charge  field,  simply  applying  a  constant  phase  shift  does  not  lead  to  the  effective  erasure  of  the 
original  grating  over  the  entire  crystal  thickness.  Both  Figs.  2(a)  and  2(b)  indicate  that  there 
remains  residual  grating  when  the  overall  grating  diffraction  efficiency  reaches  zero.  This 
contradiction  between  the  zero  diffraction  efficiency  and  the  residual  grating  is  clearly  explained 
in  Figs.  3(a)  and  3(b).  Figs.  3(a)  and  3(b)  show  the  integrated  diffraction  efficiency  as  a  function 
of  crystal  depth  z  at  various  times.  Since  the  phase  of  the  composite  grating  varies  depending  on 
the  crystal  depth  z,  the  diffracted  beams  from  the  shallower  region  and  the  deeper  region  of  the 
crystal  destructively  interfere  and  result  in  smaller  integrated  diffraction  efficiency  at  the  output 
surface  of  the  crystal. 

The  dynamics  of  the  composite  grating  is  investigated  using  numerical  calculations 
including  the  effects  of  beam  coupling.  Both  nonuniform  distribution  of  the  space  charge  field 
and  the  fringe  bending  result  in  the  residual  grating  after  the  erasure  process.  Simple  analytical 
solutions  which  neglect  beam  coupling  effects  will  be  compared  with  the  simulation  results  in 
terms  of  memory  applications  at  the  presentation. 
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Figure  1.  Hme  evolution  of  the  diffraction  efficiency  of  the  composite  grating  with  (a)  no  electric 
field  and  (b)  dc  electric  field  of  8  kV/cm  along  the  optic  axis. 
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Figure  2.  Normalized  space  charge  field  lEgd  /  Eq  as  a  function  of  crystal  depth  z  with  (a)  no 
electric  field  and  (b)  dc  electric  field  of  8  kV/cm  along  the  optic  axis. 
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Figure  3.  Integrated  diffraction  efficiency  of  the  composite  grating  as  a  function  of  crystal  depth 
z  with  (a)  no  electric  field  and  (b)  dc  electric  field  of  8  kV/cm  along  the  optic  axis. 
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SUMMARY 


With  the  publication  of  the  seminal  paper  by  Ott, 
Grebogi  and  Yorke  (OGY)  [1]  the  concept  of  control¬ 
ling  chaos  has  become  part  of  the  lexicon  of  physicists 
and  engineers  dealing  with  chaotic  nonlinear  dynamical 
systems.  The  authors  showed  that  by  using  small,  ju¬ 
diciously  applied  perturbations  the  unstable  periodic  or¬ 
bits,  which  are  dense  in  a  chaotic  attractor,  could  be 
stabilized.  The  strength  of  their  approach  lies  in  the  ab¬ 
sence  of  the  necessity  for  any  a  priori  analytical  model 
of  the  chaotic  system  in  order  to  affect  the  control.  The 
information  required  to  construct  the  controlling  pertur¬ 
bations  can  be  extracted  from  experimental  time  series 
obtained  from  the  unperturbed  system.  Since  the  pub¬ 
lication  of  [1],  the  OGY  controlling  algorithm,  and  nu¬ 
merous  variations  upon  its  central  concepts,  have  been 
implemented  numerically  and  experimentally  in  a  host 
of  nonlinear  dynamical  systems  ranging  from  lasers  and 
electronic  circuits  to  chemical  and  biological  systems.  For 
excellent  review  articles  see  [2]  and  the  references  therein. 

In  this  paper  we  wish  to  discuss  the  application  of 
the  OGY  scheme  and  some  of  its  variants  to  the  Ikeda- 
Hammel-Jones-Maloney  map  given  by  [3] 

Zn+l  =  PO  ■+ R  Zn  exp  i(f,  -  - -  .  (1) 

i-t-  1  .2:„  I  J 

The  Ikeda  map  can  be  envisioned  as  arising  from  a  string 
of  light  pulses  of  intracavity  amplitude  E„  impinging  on 
a  partially  transmittig  mirror  Mi  of  a  ring  cavity  with 
a  nonlinear  dispersive  medium,  as  depicted  in  Fig.  1. 
Here  we  assume  the  time  interval  between  the  pulses  is 
adjusted  to  the  round-trip  travel  time  in  the  ring  cavity. 
This  form  of  the  map  assumes  that  saturable  absorption 
has  been  ignored  and  that  the  dimensionless  detuning  of 
the  laser  two-level-atom  A  1  [A  =  {u  —LJab)/7x],  but 
not  so  large  that  we  are  in  the  Kerr  limit.  In  addition, 
the  usual  assumption  has  been  made  that  the  response  of 
the  nonlinear  medium  in  the  cavity  is  much  faster  than 
the  cavity  round  trip  time.  The  various  parameters  of 
the  Ikeda  map  are  defined  as  follows: 


where  po  is  the  dimensionless  input  amplitude,  T  —  I—  R 
is  the  input  and  output  mirror  intenstiy  transmission 
function,  4>  is  the  laser  empty-cavity  detuning,  aoL  is 
the  linear  absorption  per  pass,  and  Zn  is  the  dimension¬ 
less  intracavity  complex  field  amplitude.  The  map  is  area 


contracting,  i.e.  det  J  =  R?  =  AiAo  <  1,  where  Ai  and 
A2  are  the  the  eigenvalues  of  the  Jacobian  J  of  the  map. 

The  Ikeda  map  demonstrates  a  richness  of  nonlinear 
phenomena  such  as  bistability,  hysteresis,  period  dou¬ 
bling  bifurcations  and  chaos.  Recently,  van  der  Mark  et 
al.  [4]  have  conducted  experiments  using  a  single-mode 
glass  fiber  as  the  nonlinear  dispersive  medium  and  10  ps 
laser  pulses  in  a  ring  cavity  to  investigate  the  influence 
of  group  velocity  dispersion  and  pulse  shape  in  the  map. 
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Fig.  1:  (a)  Ikeda  map  viewed  as  a  sequence  of  pulses  entering  a 
ring  cavity  with  a  nonlinear  dispersive  medium  through  a  partially 
tranmitting mirror  Mi ;  (b)  the  chaotic  attractor  for  the  Ikeda  map 
Eq.  (1),  (sn  =  -t-  iyn)  with  parameter  values  po  =  1.25,  ft  =  0.9, 

ij)  =  0  and  0;  =:  7.0. 

For  the  parameter  values  po  =  1.25,  R  =  0.9,  4)  =  0 
and  a  =  7.0  the  Ikeda  map  is  chaotic.  We  wish  to  apply 
the  OGY  algorithm  to  control  the  unstable  periodic  orbit 
buried  inside  the  attractor.  Before  we  begin,  we  first 
recall  the  derivation  of  the  OGY  formula  for  a  general 
chaotic  nonlinear  dynamical  system. 

Let  be  a  vector  of  the  phase  space  variables  of  some 
dynamical  system  at  the  crossing  of  some  surface  of  sec¬ 
tion  through  which  the  trajectories  pass.  There  exits  a 
Poincare  map  F,  depending  on  some  control  parameter 
p,  which  relates  the  values  of  successive  iterative  cross¬ 
ings  via  =  F{^n,p).  In  their  original  paper,  Ott, 
Grebogi  and  Yorke  [1]  derived  a  formula  for  the  pertur¬ 
bations  necessary  to  control  the  unstable  periodic  orbits 

5p„  =  ^ 

- 1  fu  -g 

Here,  Au  is  the  eigenvalue  of  the  unstable  contravariant 
eigenvector  of  the  local  mapping  D^F(^f,po),  eval- 
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uated  at  the  fixed  point  of  F,  and  g  =  DpF{^p,  po) 
the  shift  of  the  fixed  point  due  to  a  change  in  the  control 
parameter.  The  OGY  formula  is  derived  by  requiring 
that  upon  application  of  the  perturbation,  the  next  iter¬ 
ate  of  the  mapping  falls  on  the  stable  manifold  of  the  fixed 
point.  If  this  is  the  case,  then  successive  iterates  of  the 
mapping  will  be  attracted  to  the  fixed  point,  and  a  period 
one  orbit  will  have  been  extracted  from  the  chaotic  at¬ 
tractor.  Equation  (1)  is  derived  for  a  local  mapping  with 
one  unstable  eigenvalue  (|Au|  >  1),  which  is  applicable  to 
the  Ikeda  map. 

For  the  parameter  values  used,  the  Ikeda  map  has  an 
unstable  fixed  point  at  {xF,yF)  =  (0.6723,0.4132).  To 
measure  g,  the  change  in  the  fixed  point  as  we  vary  the 
dimensionless  input  po,  we  could  observe  the  Ikeda  map 
at  an  input  value  ofpo  +  ^p,  measure  the  new  fixed  point 
and  approximate  g  «  {[«f(po4-i5p)-2;f(po)]/5p,  bFCpoT 
^P)  —  2//’(Po)]/(5p}.  A  strict  application  of  the  OGY  for¬ 
mula  would  imply  a  measurement  of  the  real  and  imagi¬ 
nary  parts  of  the  electric  field  amplitude  which  con¬ 
stitutes  the  2  dimensional  phase  space.  Figure  2  shows 
a  numerical  implimentation  of  Eq.  (2)  where  the  control 
is  turned  on  at  some  arbitrary  iterate  n  =  0  after  the 
system  has  been  running  for  some  time  such  that  all  sub¬ 
sequent  points  are  on  the  attractor. 
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Fig.  2:  A  straight  forward  implementation  of  Eq.  (2)  showing 
the  stabilization  of  the  imstable  period  1  orbit  of  the  Ikeda  map 
located  at  {xF,yp)  =  (0.6723,0.4132). 

The  Ikeda  map  is  an  example  of  a  nonlinear 
differential-delay  dynamical  system  for  which  a  map  can 
be  derived.  Recently  Gavrielides  ei  al.  [5]  have  demon¬ 
strated  that  by  using  the  OGY  algorithm,  unstable  or¬ 
bits  of  up  to  period  eight  can  be  controlled  in  the  Lang- 
Kobayashi  system.  This  system  is  described  by  a  set 
of  three  nonlinear  differential-delay  equations  describing 
chaos  in  a  semiconductor  laser  subject  to  a  small  amount 
of  optical  feedback  from  an  external  mirror. 

In  an  actual  experiment,  the  detection  of  the  real  and 
imaginary  parts  of  the  electric  field  is  not  practical.  A 


more  accessible  experimental  variable  is  the  intensity 
In  —  H(z„)  =  \z„\~  =  However,  the  inten¬ 

sity  poses  a  problem  for  the  OGY  formula  since  Eq.  (1) 
has  assumed  that  is  the  state  of  the  system  defined 
by  the  full  set  of  phase  space  variables,  for  which  single 
scalar  time  series  I„  is  clearly  not.  Dressier  and  Nitsche 
[6]  addressed  this  problem  by  considering  the  modifica¬ 
tion  of  the  OGY  formula  when  a  delay  coordinate  vec¬ 
tor  X{t)  =  {x{t),  x{t  -  r), . . . ,  x(f  -  {M  —  l)r)},  con¬ 
structed  from  a  single  scalar  time  series  x{t),  is  used 
to  reconstruct  the  attractor.  The  mapping  from  the 
full  set  of  phase  space  variables  to  the  delay  coordi¬ 
nates  introduces  a  dependence  of  the  Poincare  map  F 
on  Pn-i  in  addition  to  the  normal  dependence  on  p„. 
For  the  case  of  the  Ikeda  map  we  can  consider  a  vec¬ 
tor  in  =  {In,  In-1,  •  ■  • ,  In-{M-i)},  where  In  is  the  value 
of  the  intensity  at  the  nth  peak  (/(f)  =  0,/(f)  <  0). 
In  this  case  we  do  not  have  a  delay  coordinate  embed¬ 
ding,  but  the  mapping  H  induces  a  similar  additional 
dependence  of  F  on  ^Pn-r,  i.e.  =  F{in,Pn-uPn)- 

Therefore,  a  perturbation  formula  can  be  derived  in  ex¬ 
act  analogy  with  that  of  Dressier  and  Nitsche  by  requiring 
that  fn  •  5in+2  —  0  and  6pn+i  =  0  yielding  [6] 


6pn  — 

+ 


Au/u  u-j-  fu  V 


fu  • 


fu  ■  V 

Au/u 


(3) 


with  u  =  Dp^F  and  v  =  Dp^_^  F  evaluated  at  the  fixed 
point  ^f(po)  and  p„  =  p„_i  =  pa.  Equation  (3)  is  in  fact 
the  controlling  perturbation  formula  for  the  simplest  case 
of  projecting  down  from  a  general  N-dimensional  phase 
space  state  vector  (here  //  =  2)  to  a  single  scalar  vari¬ 
able.  This  projection  produces  a  dependence  of  Spn  on 
the  history  of  the  N  —  1  previous  values  of  the  perturba¬ 
tions  [7].  Figure  3  shows  the  stabilization  of  the  intensity 
unstable  periodic  orbit  at  the  fixed  point  /f  =  -f  y|,. 
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Fig.  3:  Stabilization  of  the  Ikeda  map  from  measurements  of 
the  intensity  peaks  In,  viaEq.  (3).  Here  =  {!„- Ip  ■  In-i  -  Ip) 
where  Ip  =  x^p,  +  yj,  and  (xp,yp)  =  (0.6723,0.4132). 

Notice  that  the  above  OGY  perturbation  formulas  use 
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data  6^„  measured  at  the  nth  peak  to  control  the  n  +  1 
peak.  Depending  upon  the  apparatus  used  in  an  experi¬ 
ment,  one  may  be  concerned  about  the  time  involved  in 
the  process  of  detecting  the  peak  of  the  intensity,  calcu¬ 
lating  the  controlling  perturbation  and  then  implement¬ 
ing  it.  For  example,  in  the  experiment  by  van  der  Mark 
et  al.  [4],  the  cavity  round-trip  time  was  48ns.  To  tackle 
such  situations,  Alsing  et  al.  [8]  have  developed  an  OGY- 
based  controlling  scheme  which  utilizes  data  measured  at 
the  n  —  k  peak  to  control  the  n  4-  1  peak.  They  call  this 
method  prior  iterate  control  (PIC).  The  PIC  formula  cor¬ 
responding  to  the  Dressier  and  Nitsche  formula  Eq.  (3) 
is 


6pi^'>  =  -A„ 


A„ 


A. 


Au/u  ‘U-\-  fu  v 


fu  ■ S^n—l 


+  _ 


(4) 


where  the  superscript  (1)  on  6 p’s  denote  the  use  of  data 
measured  one  iterate  back  to  affect  the  control.  An  ap¬ 
plication  of  Eq.  (4)  to  the  Ikeda  map  yields  a  plot  of  /„ 
versus  n  similar  to  Fig  3.  For  one  iterate  back,  the  tran¬ 
sient  time  proceeding  the  time  to  control  is  essentially 
the  same  as  for  Eq.  (3). 

Note  that  the  first  two  terms  of  Eq.  (4)  are  just  the 
negative  of  the  Dressier  Nistsche  formula  Eq.  (3)  with 
the  change  of  indices  from  n  —<■  n  -  1.  When  6pn  =  0, 
the  terms  inside  the  square  brackets  simply  reproduce 
the  Dressier  Nitsche  formula  one  iterate  back.  There¬ 
fore,  instead  of  using  the  data  5p„_i}  to  control  the 
nth  peak,  the  PIC  formula  Eq.  (4)  uses  the  information 
(5pn-2! <5pn-i},  one  iterate  back,  to  accomplish 
the  same  task.  The  extra  factor  of  A^  out  front  has  the 
implication  that  the  control  region  for  the  PIC  formula 
is  |Au|  times  smaller  than  the  corresponding  region  when 
Eq.  (3)  is  used.  This  point  is  discussed  more  fully  in  [8]. 

The  general  form  of  PIC  perturbation  formula  using 
data  measured  k  iterations  back  is 


+  A.  +  (5) 

where  6p^_^.  denotes  an  OGY  controlling  formula  [e.g. 
Eq.  (2)  or  Eq.  (3)]  with  the  index  on  din  shifted  to  n~k. 
We  can  view  Eq.  (5)  as  follows.  At  the  nth  iterate  we 
measure  the  signal  difference  din  and  apply  the  pertur¬ 
bation  ^  which  has  been  calculated  using  the  signal 
difference  din-k-  By  shifting  the  indices  of  Eq.  (4)  from 
n  {n-f  1,  n-f  2, . . . ,  n-pk],  we  have  all  the  necessary  in¬ 
formation  to  calculate  {dp^nh^^PnU^  ■  ■  ■  ,6p^nlk)  at  the 

nth  iterate.  By  keeping  a  history  of  the  din  and  dp^n^ 
used,  we  can  always  maintain  a  difference  of  k  iterations 
between  the  time  at  which  we  compute  the  perturbation 
and  the  time  when  we  need  to  apply  it. 


As  a  final  implementation  of  an  OGY-based  control¬ 
ling  algorithm  we  note  that  Alsing  et  al.  [9]  have  demon¬ 
strated  numerically  that  a  feed-forward  backpropagating 
neural  network  can  be  trained  to  control  unstable  peri¬ 
odic  orbits  for  a  variety  controlling  perturbation  formu¬ 
las.  It  has  been  shown  by  a  number  of  authors  [10]  that 
neural  networks  can  be  useful  in  extracting  chaotic  at¬ 
tractors  from  noisy  data.  The  thrust  of  [9]  was  to  show 
that  the  neural  network  need  only  be  trained  about  the 
fixed  point  of  the  attractor  and  the  necessary  information 
could  be  extracted  soley  from  experimental  data  obtained 
from  the  unperturbed  system. 

When  training  is  performed  with  the  above  OGY- 
based  formulas  in  which  dpn  depends  on  dpn-i  the  neu¬ 
ral  network  is  implicitly  learning  the  chaotic  map  locally 
about  the  fixed  point.  Even  though  the  neural  network 
is  trained  on  the  unperturbed  system,  in  which  case  the 
fixed  point  is  at  iripo),  it  is  still  able  to  control  the 
unstable  periodic  orbit  in  the  presence  of  a  iterate  de¬ 
pendent  fixed  point  ipiPn)  where  Pn  =  po  +  dpn.  This  is 
a  manifestation  of  the  robustness  exhibited  by  the  OGY 
algorithm  in  its  tolerance  of  small  amounts  of  noise  in 
the  controlling  perturbation. 

P.M.A  &.  V .K.  thank  the  NRC  for  support  of  this  work. 
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We  present  analytical  and  numerical  results  indicating  pattern  formation  in  a  purely 
absorptive  medium,  namely  a  resonantly-excited  two-level  system  in  a  ring  cavity.  Pattern 
formation  occurs  when  the  cavity  is  mistuned  such  that  the  optical  wavelength  exceeds  that 
of  the  nearby  cavity  mode.  But  then  off-axis  or  “tilted”  waves  can  exactly  fit  the  cavity,  and 
this  determines  the  dominant  transverse  wave  vector  of  the  pattern.  This  is  a  geometrical, 
linear,  and  very  general  mechanism  found  also  in  lasers  [1]  and  recently  in  OPO‘s  [2]. 

We  use  the  mean- field  ring  cavity  model  described  by  the  Maxwell-Bloch  equations  [3-5]. 
In  terms  of  deviations  from  the  steady  state  values: 

a:  =  3;s(l -f  A);  p  ^  ps{l  +  P);  /  =  /«(!  + E)  (1) 

the  Maxwell-Bloch  equations  are  exactly  equivalent  to: 

A  =  «  -A(l  +  >«)  -  +  iaVM  (2) 

P  =  7j.(l+iA)l/l  +  F-P  +  /lC)  (3) 


F  =  — 7||  F  -f  I Re 


P*  +  A  +  P*A 
1  -iA 


where  / 


forming  instability  with  K 


and  the  other  symbols  have  their  usual  meanings  [4].  There  is  a  pattern- 


Kc  where 


dFaKl  =  (i-  0<O  (5) 

This  is  precisely  the  condition  under  which  the  tilt  of  the  perturbation  wave  cancels  the 
cavity  mistuning.  Eor  A  7^  0,  the  medium  contribute  to  the  cavity  tuning  and  complicates 
the  interpretation  of  Kc- 


We  have  performed  perturbative  nonlinear  analysis  of  (2,  3,  4),  and  obtain  amplitude 
equations  with  a  diffusive  spatial  coupling.  The  system  is  well-behaved  around  A  =  0  for 
finite,  negative  9.  A  quadratic  coupling  characteristic  of  hexagon  formation  is  found  [6]. 
Unusually  for  an  optical  system,  it  may  be  of  either  sign,  or  indeed  zero,  implying  that  both 
positive  and  negative  hexagons,  and  also  rolls,  should  exist  as  stable  patterns  for  appropriate 
parameter  values. 

We  have  developed  numerical  codes  to  simulate  the  system  on  a  square  grid  with  periodic 
boundary  conditions.  We  concentrate  on  the  case  A  =  0  and  9  =  Selecting  a  value  of 
C  greater  than  4  and  increasing  I  across  the  instability  region,  we  observe  a  transition  in 
the  stable  pattern  which  forms  from  noise:  ’’hexagonal  spot  patterns”  {H'^)  for  /  <  3;  rolls 
for  7  ~  3;  ’’honeycomb  (77“)  for  7  >  3  (see  Figure  1).  Near  basin  boundaries,  domains  of 
different  patterns  typically  form  from  noise,  then  one  pattern  invades  the  other,  eventually 
winning  (see  Figure  2). 
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Results  for  the  case  A  7^  0  are  broadly  similar  to  those  described  for  A  =  0,  and  relevant 
analysis  and  simulations  will  be  presented.  Extension  of  these  models  to  describe  real  al¬ 
kali  vapours  [7],  by  inclusion  of  polarisation  and  optical  pumping  dynamics,  will  be  described. 
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Figure  1:  Example  of  the  change  in  the  stable  pattern  observed  as  /  is  varied  at  a  fixed  value 
of  C{=  4.4).  (a)  77+  for  I  =  2.9  (b)  rolls  for  7  =  3.3  (c)  R-  for  7  =  4.5.  A  =  0,  0  =  -1. 


Figure  2:  Time  sequence  showing  roll-77“  competition  with  rolls  winning.  The  figures  show 
the  real  part  of  the  field  at  (a)  t=240,  (b)  t=400,  (c)  t=560  cavity  lifetimes.  A  =  0,  0  =  —  1, 
I  =  5.5,  C  =  5.  The  defects  in  the  roll  pattern  persist  with  no  perceptible  change  until  the 
end  of  the  simulation  (t=3600  cavity  lifetimes). 
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Recently,  the  interest  in  the  nonlinear  optical  properties  of  Cgo  and  C70  have 
resulted  in  a  great  number  of  experiments[1-3].  These  experiments  focus  on  the  third 
order  susceptibility  of  these  material  using  a  variety  of  techniques.  In  these 
experiments  ,  emphasis  was  placed  on  the  determination  of  the  third  order  nonlinear 
susceptibility  x®-  The  large  variations  in  the  measurements  have  caused  a  number 
of  discussions[2,3].  In  order  to  to  understand  the  reason  causing  the  discrepancies 
in  numerical  determination  of  x®  we  use  time-resolved  DFWM  spectroscopy  to  show 
that  three  signal  components  appeared  with  time  evolution,  which  obscured  the 
intrinsic  signal  associated  with  the  measurement  of  x®-  Furthermore,  attempt  to  add 
fullerene  into  a  laser  glass  host  was  made.  To  compare  the  DFWM  spectroscopy  of 
fullerene  in  toluene  with  that  of  fullerene  in  glass  shows  that  fullerene  does  exist  in 
glass  matrix  after  melting  at  high  temperature. 

Single  20  ps  pulse  from  a  Nd:YAG  laser  operating  at  X  =  532  nm  was  used  in  the 
conventional  backward  propagating  degenerate  four-wave  mixing  geometry[4].  The 
purified  Cgo  and  Cyg  powder  samples  were  provided  by  Dr.  D.R.  Huffman.  Fullerene- 
doped  inorganic  fluorophosphate  glass  was  prepared  by  using  a  special  device  to 
isolate  from  the  atmosphere  and  melted  at  high  temperature.  The  obtained  glass 
sample  is  transparent  and  the  electronmicroscopy  analysis  shows  that  fullerene  is 
dissolved  homogeneously  in  glass  matrix. 

The  observed  ps-DFWM  spectrum  is  categorized  into  three  probe  delay  time  regions 
as  shown  in  the  figure:  a  sharp  scattering  peak  at  zero  delay  with  a  FWHM  equal  to 
the  autocorrelation  of  the  three  pulses,  a  small  decaying  transient  signal  which  lasts 
a  couple  of  hundred  picoseconds  and  is  then  obscured  by  the  third  intense,  periodic 
signal.  The  left  side  of  the  figure  shows  the  time  dependence  of  the  absolute 
diffraction  efficiency  for  0.4g/f  Cgg-toluene  solution  along  with  that  of  pure  toluene. 
It  is  seen  that  the  intensity  of  each  signal  component  is  dependent  on  the  sample.  In 
particular,  the  absolute  scattered  probe-signal  intensity  of  the  peak  at  zero  delay 
(coherence  peak)  decreases  with  addition  of  Cgg  to  toluene.  Conversely,  the  maximum 
of  the  periodic  signal  undergoes  a  anomalously  large  increase  due  to  the  presence  of 
Cgg  and  Cyg.  Theroforo,  while  the  coherence  peak  is  the  dominant  scattering 
mechanism  in  toluene  with  an  intensity  ratio  of  l(coherence)/l(periodic)  ~20,  the 
periodic  peak  is  the  dominant  mechanism  in  Cgg-toluene  samples  with  a  ratio  of 
Kperiodicj/Kcoherence)  ~  20.  The  coherent  peak  is  associated  with  the  third  order 
susceptibility  x®  of  the  material,  and  the  periodic  oscillation  signal  originates  from 
laser-induced-phonon-spectroscopy(LIPS)[5].  The  inset  in  the  figure  shows  a 
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FIGURE.  Time-resolved  DFWM  spectra  of  fullerene  in  toluene(Top-left) 
and  fluorophosphate  glass(Top-right).  The  lower  traces  represent  the 
DFWM  spectra  of  undoped  toluene  solvent  and  glass.  The  experiments 
were  conducted  at  pump  beam  crossing  angle  of  21.1  for  the  left  and 
8.1°  for  the  right.  The  inset(on  the  left)  shows  the  expansion  of  cohe¬ 
rent  peak  at  zero  delay,  representing  the  population  grating. 


population  grating  signal  which  is  immediately  following  the  coherence  peak  and  only 
observable  in  the  fullerene  doped  toluene  or  glass.  The  population  grating  is  produced 
by  optical  excitation  from  singlet  Sq  state  of  fullerene  to  excited  Si  state  followed  by 
a  rapid  relaxation  to  triplet  T,  state. 

The  right  side  of  the  figure  represents  the  spectrum  of  fullerene-doped 
fluorophosphate  glass.  The  intensity  ratio  of  l(periodic)/l(coherent)  was  measured  to 
be  ~0.8,  much  smaller  than  that  of  fullerene-doped  toluene.  The  reason  for  less 
intense  LIPS  signal  in  glass  is  due  to  much  smaller  concentration  of  fullerene,  which 
has  so  far  been  achieved.  The  population  grating  signal  was  also  observed  in  glass. 
The  decay  rate  of  the  signal  is  ~  10®/s,  much  larger  than  ~  lOVs  for  Ceo-toluene[6], 
reflecting  a  stronger  lattice  relaxation  existing  in  glass  matrix. 
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Changes  in  the  refractive  index  at  zero  delay  can  be  divided  as  those  arising  from 
toluene  and  those  due  to  fullerene.  These  coefficients  are  related  to  and  the 
values  estimated  through  comparison  with  scattering  from  CS2.  x®  for  pure  toluene 
was  found  to  be  3.7x1 0'^'^(esu).  Since  the  coherence  peak  is  reduced  in  the  fullerene 
solutions,  it  can  be  concluded  that  the  contributions  due  to  dopants  are  opposite  in 
sign  to  those  due  to  the  solvent.  This  is  consistent  with  previous  studies  in  these 
materials[7].  Numerical  estimations  of  dopant  contributions  are  further  complicated 
by  inclusion  of  scattering  due  to  absorption  changes.  Such  changes  may  arise  in 
these  samples  since  addition  of  dopants  increases  absorption  at  532  nm[7]. 

The  signal,  at  longer  delays,  due  to  LIPS  has  two  main  characteristics.  Firstly,  the 
LIPS  signal  in  fullerene-toluene  is  at  least  an  order  of  magnitude  greater  than  the  LIPS 
signal  due  to  pure  toluene.  Secondly,  the  ratio  of  scattered  signal  due  to  x®  to  LIPS 
undergoes  two  orders  of  magnitude  decrease  due  to  presence  of  fullerene  dopants. 
This  reduction  was  found  to  be  even  larger  from  Cgo  to  C70  doped  toluene  samples. 
It  originates  from  (i)  increase  in  the  LIPS  signal  due  to  Cgo  or  C70,  (ii)  the  decrease  in 
the  coherence  peak  due  to  presence  of  oppositely  contributing  factors. 

To  summarize,  addition  of  Cgg  to  solvent  and  glass  matrix  increases  the  LIPS  signal 
by  at  least  an  order  of  magnitude  while  decreasing  the  coherence  peak  by  a  factor  of 
3.4  in  Cgg-toluene,  and  a  factor  of  5.3  in  C7o-toluene.  Such  an  effect  may  result  in 
erroneous  calculations  of  x®  which  are  based  on  comparison  of  the  coherence  peak 
with  a  standard  of  CSj. 
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Chiral  molecules  interact  differently  with  left-  and  right-hand  circularly-polarized  light.  This 
optical  activity  provides  the  basis  for  several  linear  optical  techniques  that  can  be  used  to  detect 
molecular  chirality.  Optical-activity  effects  arise  from  contributions  of  magnetic-dipole  transi¬ 
tions,  in  addition  to  the  usual  electric-dipole  transitions,  to  the  linear  optical  properties  of  chiral 
media  [1].  Due  to  their  helical  structure,  chiral  molecules  possess  magnetic  transition  moments 
that  are  much  larger  than  those  of  achiral  (e.g.,  atomic)  media. 

Circular-difference  effects  have  been  predicted  to  occur  also  in  nonlinear  optical  pro¬ 
cesses.  Such  effects  were  recently  observed  in  second-harmonic  generation  from  chiral  mole¬ 
cules  adsorbed  at  an  air/water  interface  [2].  However,  no  conclusive  evidence  was  provided  as 
to  which  of  the  several  proposed  mechanisms  would  be  responsible  for  the  observed  effects.  We 
have  studied  nonlinear  optical  activity  in  second-harmonic  generation  from  Langmuir-Blodgett 
monolayers  of  a  synthetic  chiral  polymers.  All  observed  effects  are  explained  by  a  model  that 
includes  the  contributions  of  both  electric  and  magnetic  dipole  transitions  to  the  second-order 
nonlinearity  of  the  chiral  surface.  In  this  Paper,  we  use  samples  of  bacteriorhodopsin  as  an 
example  to  show  that  such  nonlinear  optical  activity  can  be  used  as  a  sensitive  probe  of  chiral 
environment  of  biological  material. 

To  include  the  contributions  of  magnetic-dipole  transitions  to  the  second-order  nonlin¬ 
earity  of  the  chiral  surface,  we  take  the  nonlinear  polarization  of  the  surface  to  be 

P,.(2co)  =  ;£[xy/£.(co)£,((o)-fxyf£,(cD)5,(co)]  .  (1) 

jyk 

Similarly,  the  nonlinear  magnetization  of  the  surface  is 

M,.(2co)  =  2x^fE.(co)£^(co)  .  (2) 

In  Eqs.  (1)  and  (2),  E(co)  and  B(co)  are  the  electric  field  and  the  magnetic  induction  field  at  the 
fundamental  frequency,  respectively.  The  subscripts  i,  j,  and  k  refer  to  Caitesian  coordinates 
and  the  superscripts  e  and  m  refer  to  electric  and  magnetic  dipole  interactions  between  the  mol¬ 
ecules  and  the  light  field,  respectively.  Thus,  is  the  usual  second-order  nonlinear  suscepti¬ 
bility,  which  depends  only  on  electric-dipole  transitions,  and  and  are  susceptibilities 
that  account  for  magnetic-dipole  contributions  to  the  nonlinearity  [3].  For  real  molecular  wave- 
functions  and  for  off-resonant  excitation,  the  components  of  are  real  and  the  components 
of  yf^'^  and  yf^^^  are  imaginary.  Furthermore,  even  under  resonant  conditions,  this  90°  phase 
difference  between  the  electric  and  magnetic  contributions  is  approximately  preserved. 

The  chiral  surface  consists  of  a  collection  of  electric  and  magnetic  dipoles  that  radiate  at 
the  second-harmonic  frequency.  By  averaging  the  dipoles  over  dimensions  larger  than  mole¬ 
cules  but  smaller  than  wavelength,  the  effective  oscillating  dipole  moments  are  proportional  to 
the  nonlinear  polarization  and  magnetization  given  by  Eqs.  (1)  and  (2).  In  the  far  field,  the  elec¬ 
tric  component  of  the  second-harmonic  field  that  is  radiated  by  the  oscillating  dipoles  is 

E(2o))  ~  [nxP(2©)]  xn-nxM(2co)  ,  (3) 

where  n  is  the  direction  of  observation.  The  finite  size  of  the  fundamental  beam  provides  a 
phase-matching  condition  in  the  plane  of  the  surface.  However,  the  sub-wavelength  thickness 
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Figure  1.  Schematic  representation  of  the  experimental  setup. 


of  the  surface  allows  second-harmonic  Ught  from  elementary  dipoles  to  be  coherently  added  in 
the  transmitted  and  reflected  directions. 

The  nonlinear  polarization  and  magnetization  of  the  surface  and  the  amplitudes  of  the 
reflected  and  transmitted  second-harmonic  fields  can  be  directly  calculated  by  using  Eqs.  (l)-(3) 
and  the  tensor  components  of  and  that  are  compatible  with  the  symmetry  of 

the  surface.  The  circular-difference  response  of  the  process  then  arises  from  interference 
between  the  electric  (real)  and  magnetic  (imaginary)  contributions  to  the  nonlinearity. 

Our  experimental  setup  is  schematically  shown  in  Fig.  1 .  We  illuminate  the  chiral  sur¬ 
face  with  the  intense  (~100  MW/cm^)  beam  of  an  injection  seeded  Nd;YAG  laser  (1064  nm, 
~10  ns  pulse  length,  10  Hz  repetition  rate).  The  polarization  of  the  incident  beam  is  varied  from 
hnear  to  left-  and  right-hand  circular  by  means  of  a  half-wave  plate.  The  sample  is  oriented  at 
~45°  angle  of  incidence  with  respect  to  the  fundamental  beam  and  the  initial  linear  polarization 
of  the  beam  is  p-polarized  with  respect  to  the  sample.  The  waveplate  is  rotated  through  an  angle 
of  360°  and  the  intensity  of  the  5-  and  p-polarized  components  of  the  second-harmonic  field  is 
recorded  in  transmission  and  in  reflection. 

To  assess  the  sensitivity  of  nonlinear  optical  activity  in  detecting  chirality  of  biological 
material,  we  use  bacteriorhodopsin  as  an  example.  We  have  observed  nonlinear  optical  activity 
from  all  bacteriorhodopsin  samples  that  were  prepared,  independent  of  the  sample  preparation. 
For  a  typical  sample,  a  drop  of  bacteriorhodopsin  in  water  is  placed  between  two  glass  sub¬ 
strates.  A  typical  experimental  result  is  shown  in  Fig.  2(a).  A  theoretical  fit  to  the  experimental 
results  based  on  our  model  is  shown  in  Fig.  2(b).  The  efficiency  of  second-harmonic  generation 
from  the  sample  is  seen  to  be  strongly  dependent  on  the  helicity  of  the  incident  light. 

It  is  interesting  to  compare  these  results  to  those  obtained  by  linear  circular  dichroism 
from  samples  of  bacteriorhodopsin  [4].  We  express  the  relative  magnitude  of  the  circular-differ¬ 
ence  effect  as 

~  ^  “-^right)/  (^left  '^right )  ’  (4) 

where  I  is  the  intensity  of  the  detected  second-harmonic  light  and  the  subscripts  refer  to  the 
helicity  of  the  fundamental  beam.  For  our  bacteriorhodopsin  samples.  A///  ranges  from  ~5% 
up  to  ~100%,  depending  on  the  polarization  of  the  detected  second-harmonic  light.  Linear  cir- 
cular-dichroism  spectra  of  bacteriorhodopsin,  on  the  other  hand,  typically  show  a  relative  circu¬ 
lar-difference  effect  of  Ae/e  =  0.1%,  where  e  is  the  (linear)  molar  extinction  coefficient. 
Hence,  the  nonlinear  circular-difference  signal  is  up  to  three  orders  of  magnitude  higher  than  the 
hnear.  Furthermore,  we  typically  used  an  amount  of  bacteriorhodopsin  (10'^^  moles)  that  is 
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Figure  2.  Experimental  (a)  and  theoretical  (b)  results  for  the  intensity  of  the  5-polarized 
component  of  the  second-harmonic  field  that  is  generated  in  the  transmitted  direction  from 
bacteriorhodopsin.  The  plots  are  shown  as  functions  of  the  rotation  angle  of  the  quarter- 
wave  plate  that  was  used  to  control  the  state  of  polarization  of  the  fundamental  beam.  The 
linear  polarization  (0°,  90°,  180°,  and  360°)  corresponds  to  a  p-polarized  fundamental  field 
with  respect  to  the  sample.  The  intensities  of  the  second-harmonic  field  for  the  two  circular 
polarizations  (45°,  135°,  225°,  and  315°)  of  the  fundamental  field  are  indicated  by  the  cir¬ 
cles  and  the  squares. 


three  orders  of  magnitude  less  than  that  used  in  linear  measurements.  We  believe  that  the 
amount  of  material  can  be  further  reduced  in  future  refinements  of  our  experiments.  This  high 
sensitivity  makes  this  nonlinear  approach  a  potential  tool  for  analytical  (bio)chemistry  to  detect 
chirality  from  small  amounts  of  molecules. 

Other  advantages  of  nonlinear  optical  activity  are  related  to  properties  of  second-har¬ 
monic  generation.  Linear  optical-activity  effects  in  isotropic  solution  depend  only  on  transi¬ 
tions  from  the  ground  state  to  the  excited  states  of  the  molecules  through  p  •  m,  where  p  and  m 
are  the  electric  and  magnetic  dipole  moments,  respectively  [1].  Hence,  structural  chirality  of  a 
molecule  does  not  necessarily  give  rise  to  strong  linear  optical  activity.  Nonlinear  optical  activ¬ 
ity  depends  also  on  transitions  between  different  excited  states.  Furthermore,  a  large  number  of 
tensor  components  of  second-order  susceptibilities  are  allowed  by  the  symmetry  of  chiral  sur¬ 
faces.  Hence,  nonlinear  optical  activity  can  be  used  to  probe  molecular  properties  linked  to 
chirahty  on  a  more  fundamental  level  than  the  linear  techniques.  Chiral  molecules  with  low  lin¬ 
ear  optical  activity  could  therefore  give  rise  to  an  easily  measurable  nonlinear  optical  activity. 
Also,  nonlinear  optical  activity  considered  here  is  a  surface- specific  process  provided  that  the 
media  on  the  two  sides  of  the  surface  are  isotropic.  This  feature  could  be  important  in  surface 
chemistry  and  cell  biology  because  the  nonlinear  approach  makes  the  chiral  environment  of  bio¬ 
logical  membranes  and  interfaces  accessible  to  measurement. 
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J-aggregates  of  cyanine  dyes  show  a  sharp  absorption  peak,  called  J- 
band,  below  the  transition  band  of  monomers  [1,  2],  The  band  is  due  to  the 
transition  of  excitons  delocalized  over  an  aggregate  by  intermolecular  dipole 
interaction.  A  simple  model  of  N  identical  molecules  aligned  in  a  one¬ 
dimensional  chain  has  been  proposed  to  explain  the  optical  spectrum  of  the  J- 
aggregates  [3-6]. 

In  the  present  paper,  we  report  extremely  large  change  in  a  static  dipole 
moment  and  polarizability  observed  in  oriented  J-aggregates  of  l,l'-diethyl- 
2,2'-quinocyanine  bromide  [pseudoisocyanine  bromide  (PIC-Br)]  by  electro¬ 
modulation  spectroscopy.  Recently,  we  have  developed  a  new  method,  named 
"vertical  spin-coating",  to  prepare  highly  oriented  J-aggregates  dispersed  in 
polymer  films  [7,  8].  The  solid-state  oriented  films  prepared  by  the  vertical 
spin-coating  enabled  us  to  measure  the  polarization  dependence  of  the  electro¬ 
absorption  spectra  for  the  first  time.  The  electro-absorption  spectra  due  to  the 
Kerr  effects  were  measured  in  all  the  four  parallel  and  perpendicular 
configurations  of  both  the  polarization  and  static  electric  field  with  respect  to 
the  oriented  axis. 

The  absorbance  change  due  to  the  Kerr  effect  is  given  by 


A4 


Kerr 


=  llA  (4p  Ff  - 1  ^  F:Aa:F 
2dE^  2  dE 


(2) 


where  A\i,  Aa,  F,A,E  are  the  static  dipole  change,  the  change  in  the  linear 
polarizability,  the  applied  electric  field,  the  linear  absorbance,  and  the  photon 
energy,  respectively. 

Charge  separation  between  the  cationic  dye  molecules  and  anions  is 
much  larger  than  charge  transfer  among  dye  molecules  to  form  the  static 
dipole  moment.  The  former  should  more  likely  cause  the  static  dipole 
moment,  and  the  static  dipole  change  is  due  to  the  displacement  of  the  anions. 
Since  the  motion  of  the  anions  is  not  instantaneous  as  electronic  response,  it 
results  in  some  phase  retardation, 0  ,  of  the  response  to  the  applied  field. 
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The  polarizability  change  is  considered  to  be  mainly  due  to  n  electrons  in 
the  J-aggregate.  The  response  of  the  contribution  from  the  polarizability  is 
instanteneous. 

Static  dipole  changes  were  determined  corresponding  to  the  four 
different  configurations  as  shown  in  Fig.  1.  These  are  larger  than  the  static 
dipole  change  reported  for  polar  organic  molecules  used  in  studies  of  the 
optical  nonlinearities  [9].  We  recently  conclude  the  size  of  the  aggregates  to  be 
in  the  range  from  20  to  100  [10],  Change  in  a  static  dipole  moment  in  each 
molecular  unit  is  no  more  than  1  debye. 

Although  the  linear  dichroism  is  remarkable,  the  static  dipole  change 
showed  no  large  difference  between  the  parallel  and  perpendicualr  applied 
fields.  Almost  isotropic  response  of  the  EO  effect  in  the  oriented  J-aggregates 
suggests  that  the  displacement  of  the  anions  is  most  probable. 

On  the  contrary,  the  polarizability  change  is  dominant  with  the  external 
field  applied  parallel  to  the  chain  axis,  as  shown  in  Fig.  2.  The  transient  dipole 
moment  of  the  one-dimensional  excitons  in  the  oriented  J-aggregates  is  also  in 
the  same  direction  as  the  axis.  This  anisotropy  in  the  polarizability  change  is 
interpreted  in  relation  with  delocalized  excitons  along  the  one-dimensional 
chain  of  J-aggregates. 

The  polarizability  change  obtained  here  is  about  100  times  larger  than 
that  of  DMANS  [9].  The  enhancement  is  due  to  the  delocalization  of  the 
excitons,  and  this  factor  means  the  average  number  of  the  constituent 
molecules  in  an  aggregate.  It  is  consitent  with  the  aggregate  size  reported 
previously  [10]. 
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Fig.  1:  Change  in  static  dipole 
moments  determined  from  the 
electro-absorption  spectra  of  the 
broadening  components.  Linear 
absorption  spectra  for  (a)  parallel 
and  (b)  perpendicular  polarizations 
are  also  shown. 


Fig.  2:  Change  in  polarizability 
determined  from  the  electro¬ 
absorption  spectra  of  the  shift 
components. 
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The  application  of  organic  materials  for  nonlinear  optical  processes,  such  optical 
modulation  and  all-optical  switching,  has  been  gaining  considerable  interest  in  recent  years  [1]. 
Organic  polymer  materials  do  provide  very  good  synthetic  and  processing  options  that  are  not 
available  with  single  crystal  or  multiple  quantum  well  MQW  classes  of  NLO  materials  and, 
importantly,  they  have  considerable  higher  nonlinearity  than  the  usual  optical  fibre  material,  viz. 
silica. 


The  study  of  organic  polymers  for  NLO  optical  fibre  devices  are  still  at  the  very  beginning 
stage.  Previously,  organic  polymer  fibres  with  dye-doped  cores  have  been  reported  [2].  There 
poly(methyl  methacrylate)  (PMMA)  has  been  used  as  the  base  materials  while  several  dyes 
which  possess  large  third  order  nonlinear  optical  susceptibility  are  used  as  the  core  dopants. 
Another  report  presents  a  picosecond  fibre  optical  switch  achieved  from  a  capillary  glass  fibre 
with  liquid  organic  core  [3].  However,  better  core-doping  organic  compounds  with  low  loss, 
high  nonlinearity  and  fast  response  are  still  to  be  pursued.  We  started  to  study  organic  polymer 
materials  for  high  nonlinear  fibre  recently.  Our  attention  is  focussed  on  polymer  fibre  doped 
with  conjugated  organic  polymers  which  have  been  shown  to  have  very  large  non-resonance 
third-order  nonlinearities. 

We  start  with  acrylic  monomers:  methyl  methacrylate  (MMA)  and  ethyl  methacrylate 
(EMA),  as  the  base  materials.  These  materials  have  low  refractive  indices  (in  the  range  of 
1.41-1.42).  After  polymerisation,  their  indices  increase  due  to  the  volume  reduction  during 
liquid-to- solid  phase  transition.  Polymerised  materials:  PMMA,  PEMA,  or  poly(MMA-EMA) 
gives  indices  in  the  range  of  1.478  -  1.482,  varying  with  polymerisation  conditions.  Obviously, 
these  indices  match  well  with  silica  fibres.  In  fact,  using  another  similar  monomer  (trifluoro- 
ethylmethacrylate  -TFEMA)  [4],  we  can  produce  copolymers  with  lower  refractive  indices.  In 
one  of  our  experiments,  copolymerisation  of  EMA  (67% wt)  and  TFEMA  (33%wt)  produced 
good  polymers  with  index  1.4636.  Even  lower  index  is  possible  with  larger  percentage  of 
TFEMA. 

Concerning  the  core  materials,  there  are  several  conditions  to  be  satisfied  before  a 
desirable  organic  fibres  can  be  made.  Firstly,  we  require  that  highly  nonlinear  organic 
compounds  be  uniformly  dissolved  in  the  monomers.  Normally,  to  enhance  significantly  the 
nonlinearity,  we  need  to  dope  as  much  nonlinear  organic  materials  as  possible.  Secondly,  the 
doped  materials  should  be  fabricated  with  a  slightly  elevated  refractive  such  that  light  could  be 
confined  to  regions  of  high  third  order  nonlinear-optical  susceptibility.  Thirdly,  the  polymer  core 
and  cladding  should  have  their  thermal  properties  enabling  fibre  drawing.  Also  mismatch  of 
thermal  properties  between  core  and  cladding  should  be  kept  low  since  it  could  introduce 
internal  stresses  to  fibre  during  drawing.  Finally,  it  is  essential  to  assure  a  smooth  core-cladding 
boundary  to  avoid  significant  scattering. 

We  have  tested  different  polymerisation  conditions  and  different  combinations  of  organic 
materials.  Different  rod  polymer  or  copolymer  samples  of  PMMA,  PEMA,  poly(MMA-EMA), 
poly(EMA-TFEMA)  and  poly(MMA-EMA-TFEMA)  have  been  fabricated  and  their  refractive 
indices  and  losses  have  been  measured.  Both  PMMA  and  PEMA  have  optical  transmission 
windows  at  1300nm  and  1550nm  and  that  PEMA  have  lower  losses  that  PEMA  in  the  windows. 
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For  the  loss  of  PMMA,  we  are  able  to  compare  with  reported  results  in  Refs.  [2]  and  [5],  and 
find  agreeable  results  (their  material  loss  at  1300nm  ranges  from  0.2  to  0.6  dB/cm). 

We  have  selected  a  conjugated  biochemical  -  P-carotene,  as  our  first  trial  dopant.  P- 
carotene  is  known  to  be  a  typical  conjugate  organic  material  which  has  the  Kerr  coefficient,  n2, 
as  high  as  1.4  X  10  m  fW  (about  5000  times  that  of  silica).  We  have  experimented  to 
incorporate  P-carotene  into  PMMA,  PEMA  or  PMMA/PEMA).  Good  and  uniform  polymer  and 
copolymer  rods  doped  with  P-carotene  have  been  successfully  fabricated.  The  loss  spectrum  of  a 
PMMA  doped  with  4.4% wt  P-carotene  is  shown  Fig.l.  We  could  find  that  the  loss  at  1300nm 

and  1550nm  are  increased  to 
1  dB/cm  and  1.5dB/cm 
respectively.  The  percentage 
concentration  of  the  highly 
nonlinear  organic  dopant  is 
directly  related  to  the 
enhancement  of  the  fibre 
nonlinearity.  However,  we  find 
that  P-carotene  concentration 
will  be  saturated  at  about  5%  by 
weight  in  MMA,  EMA  or  both 
of  them  as  solvents.  We  note  that 
the  incorporation  of  P-carotene 
to  polymers  does  not  change 
much  their  thermal  properties 
and  that  the  thermal  properties  of 
polymers  mainly  depend  on  the 
base  materials  used.  Evidently 
PEMA  has  lower  transition 
temperature  than  that  of  PMMA.  Therefore  for  PMMA/PEMA  copolymers,  the  higher 
percentage  of  EMA  the  lower  transition  temperature.  We  use  benzoyl  peroxide  or  laurel 
peroxide  as  initiator.  Different  levels  of  initiators,  ranging  from  0.005  ~  2  %wt,  have  been 
experimented.  From  the  experiment,  it  is  found  that  higher  initiator  level  will  result  in  slightly 
lower  transition  temperature.  This  may  imply  that  lower  molecular  weight  be  obtained  with 
higher  initiator  level,  as  we  would  expect.  The  refractive  index  of  P-carotene  is  about  1.53. 
Doping  a  few  percents  of  P-carotene  into  PMMA/PEMA  copolymer  elevates  the  refractive  index 
by  a  fraction  of  one  percent.  For  the  sample  shown  in  Fig.l  where  P-carotene  dosage  is  4.4%wt, 
the  resulted  index  is  1.486,  a  raise  of  0.003  from  the  corresponding  sample  without  p-carotene. 

We  have  tried  two  methods  to  make  a  polymer  fibre  preform.  In  the  first  method,  a  small 
doped  polymer  rod  (2.5mm)  is  fully  polymerised.  The  rod  is  then  put  and  fastened  in  the  centre 
of  a  glass  tube  (inside  diameter  24mm).  Now  partially  polymerised  cladding  materials  is  filled 
into  the  tube  and  it  is  put  into  oven  for  the  cladding  polymerisation.  Unfortunately,  this  method 
failed  to  produce  any  good  fibre  preform  up  to  now.  The  main  difficulty  is  how  to  control 
properly  the  pre-polymerisation  of  cladding  materials.  The  core  rod  will  dissolve  quickly,  if 
cladding  materials  is  only  lightly  pre-polymerised.  However,  enormous  air  bubbles  would  come 
out  if  the  cladding  materials  is  over  pre-polymerised. 


absorption  (1/cm) 


Fig.l  Absorption  spectrum  of  a  sample  of 
PMMA  doped  with  |3-carotene  (4.4%  wt). 
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In  the  second  method,  we  put  a  small  teflon  rod  in  the  tube  and  fill  it  with  cladding 
materials.  Thus  we  begin  with  cladding  polymerisation.  After  removing  the  teflon  rod,  we  fill 
with  core  monomers  as  well  as  dissolved  dopant  and  do  core  polymerisation.  Uniform  preforms 
free  from  air  bubbles  have  been  fabricated  with  this  method.  The  polymerisation  usually  takes 
from  3  to  6  days.  This  time  scale  is  significantly  fast  than  the  method  used  in  Ref.[2]  where 
polymerisation  of  core  takes  over  one  month  to  avoid  air  bubbles.  In  Fig. 2,  we  show  the 
refractive  index  profile  of  a  p-carotene  doped  preform  we  fabricated.  Here  the  core  to  cladding 
index  difference  is  about  0.005  which  is  appropriate  for  weakly-guiding  fully  polymer  optical 
fibres. 

n-1.46 


Fig.2  The  refractive  index  profile  of  one  polymer  fibre  preform  we  fabricated. 

The  preform  has  a  poly(MMA38.3%-EMA48.7%-TFEMA13%)  cladding 
and  a  poly  (MMA44%-EMA56%)  core  doped  with  4.4%wt  P-carotene. 

In  summary,  preliminary  experimental  study  on  nonlinear  organic  polymer  fibre  is  carried 
out  by  characterising  material  losses,  refractive  indices,  and  thermal  and  mechanical  properties 
of  several  organic  polymers,  e.g.  poly(MMA-EMA)  and  poly(MMA-EMA-TFEMA),  and  a 
highly  nonlinear  organic  compound  (P-carotene).  The  polymerisation  or  copolymerisation 
conditions  have  been  investigated  and  low  loss  samples  for  either  core  or  cladding  have  been 
fabricated.  Further,  we  have  fabricated  uniform  PMMA/PEMA  fibre  preforms  doped  with  P- 
carotene.  The  work  is  being  continued  to  investigate  other  high  nonlinearity  organic  compounds 
and  to  fabricate  nonlinear  polymer  fibres,  upon  the  completion  of  a  fibre  drawing  setup. 
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Summary 

We  report  on  optical  second-harmonic  (SH)  and  sum-frequency  (SF)  mea¬ 
surements  from  vicinal  Si(lll)-interfaces  covered  with  a  thermally  grown  oxide 
film  and  subjected  to  different  annealing  temperatures.  We  observed  that  the 
azimuthal  anisotropy  in  the  nonlinear  optical  response  from  the  Si/Si02  interface 
changes  after  rapid  thermal  annealing  (RTA)  [1].  The  RTA  step  allows  relaxation 
of  strain  in  the  oxide  film  and  at  the  Si/Si02  interface.  The  SH  and  SF  photon 
energies  of  3.1  eV  and  3.5  eV  are  close  to  the  recently  observed  strong  resonance 
at  3.3  eV  which  arises  from  the  presence  of  strained  bonds  at  the  Si/Si02  interface 
[2].  We  suggest  that  the  change  of  the  step-induced  onefold  symmetry  indicates 
the  relaxation  of  atomic  bondings  at  the  steps  of  the  interface.  The  relaxation 
mechanism  can  be  well  described  by  the  viscous  flow  model  [3]. 

In  our  experiments  Si(lll)  wafers  with  off-axis  orientation  of  5°  ±  0.5°  in 
the  [112]  direction  were  studied.  On  these  surfaces  an  oxide  (30  nm)  was  grown 
in  a  dry  oxygen  ambient  at  a  temperature  of  850°  C  [1].  Some  of  the  samples 
were  subjected  to  RTA  (900°-1100°  C  for  100  s)  in  a  dry  argon  atmosphere 
but  containing  enough  oxygen  to  prevent  reduction  of  the  oxide  [1].  For  SH 
generation  we  used  a  mode-locked  Titsapphire  laser  operating  at  a  wavelength  of 
780  nm  (1.55  eV),  generating  a  train  of  100  fs  pulses  at  78  MHz  with  an  average 
power  of  0.4  W.  For  SF  generation  we  mixed  the  fundamental  (1053  nm)  and 
the  frequency-doubled  40  ps  laser  pulses  of  a  Nd:YLF  regenerative  amplifier.  In 
our  experiments  we  used  the  ps  (p  in,  5  out)  and  sp  polarization  configurations, 
where  the  reflected  SH  and  SF  signal  were  measured  as  a  function  of  sample 
azimuthal  orientation.  Using  a  truncated  Fourier  expansion  to  fit  the  azimuthal 
dependence  of  the  reflected  SH  and  SF  field  we  have  deduced  the  complex  Fourier 
coefficients  for  various  rapid  thermally  annealed  Si/Si02  interfaces  [4].  The 
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annealing  temperature  [°C] 


Figure  1:  ci  after  thermal  annealing  as  a  function  of  annealing  temperature.  The 
solid  curves  are  best  fits  using  Eq.  (1). 

onefold  coefficient  Ci  is  indicative  of  intrinsic  Cu  symmetry  arising  from  steps, 
whereas  C3  is  generated  over  the  entire  terrace  [4].  Within  the  experimental  error 
the  C3  remain  constant  after  RTA,  therefore  we  have  normalized  Ci  to  C3. 

Figure  1  shows  Re{ci)  obtained  from  SH  measurements  for  various  annealing 
temperatures.  The  experimental  results  shown  in  Fig.  1  are  well  described  by 
the  stretched  exponential  relaxation  model  (see  Ref.  [3])  as 

Ci{T)-Ci{f.r.)  =  (ci{n.a.)-Ci{f.r.))expi^-(^-^^^  |  (1) 

where  Ci{n.a.)  and  Ci(/.r.)  are  the  values  of  the  non-annealed  oxide  and  the 
oxide  fully  relaxed,  and  the  annealing  time  4  is  100  sec  in  all  RTA.  The  parameter 
a  is  a  measure  of  the  coupling  to  cooperativity,  and  the  best  fitted  values  for  a 
are  about  0.32  which  is  in  agreement  with  a  =  0.3  obtained  from  ellipsometry 
measurements  on  Suprasil  W  silica  glass  [3].  The  relaxation  time  for  the  oxide 
density  is  expressed  as  t(T)  =  tq  exp(Ea/^fcT)  where  tq  =  2  x  10“^°5ec  and 
Ea  =  5. ley. 

In  Fig.  2  are  plotted  the  variation  of  logr  vs  lO^/T  for  various  polarization 
combinations  of  SH  and  SF  generation.  Indeed  r  has  an  activated  behavior  with 
temperature.  The  comparison  with  viscosity  variation  vs  temperature  found  for 
thermally  grown  dry  oxides  and  fused  silica  yields  a  remarkable  good  agreement 
for  the  activation  energy  which  is  about  5  eV  [3].  However  the  Si02  structure 
is  quite  flexible  indicating,  that  the  stress  relaxation  of  atomic  bondings  at  the 
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Figure  2:  Relaxation  time  r  as  a  function  of  reverse  temperature  10^/T. 

steps  requires  breaking  bonds  in  agreement  with  the  viscous  flow  model  [3].  The 
relaxation  time  at  900°C  is  160  sec,  while  at  lOSO®^  r  is  only  1  sec.  Therefore, 
the  RTA  process  below  900°  C  relaxes  the  bondings  at  the  steps  only  a  little, 
whereas  the  relaxation  is  complete  after  RTA  above  lOhO®^.  In  the  actual  oxi¬ 
dation  process  around  850° (7,  the  thermal  relaxation  significantly  influences  the 
oxidation  rate  because  the  relaxation  time  (25  min  at  850°C')  is  less  than  the 
actual  processing  time  (150  min). 
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The  concept  of  polariton  solitons,  which  has  recently  emerged  in 
semiconductor  optics,  describes  a  nev/  aspect  of  light-matter  interaction 
processes.  The  physical  cause  which  leads  to  polariton  soliton  formation  is  an 
exact  balance  between  the  dispersive  spreading  of  a  polariton  pulse  and  third- 
order  nonlinear  effects;  as  a  result,  the  polariton  wave  packet  propagates 
through  a  crystal  without  changing  its  shape.  The  formation  of  steady-state 
polariton  pulses  is  not  only  of  fundamental  interest  as  a  phenomenon  not 
encountered  in  conventional  linear  optics  of  semiconductors,  it  may  also  prove 
useful  for  applications  in  all-optical  devices. 

We  consider  formation  of  bright  and  dark  polariton  solitons  in 
semiconductor  crystals  and  show  that  these  solitons  have  some  properties  which 
are  different  from  the  properties  of  the  solitons  in  optical  fibers. 

To  describe  optical  pulse  propagation  in  a  semiconductor  crystal  in  the 
spectral  region  of  an  exciton  resonance,  we  use  a  new  approach  described  in 
Ref.  1.  In  this  approach,  the  nonlinear  material  equation  which  relates  the 
induced  excitonic  polarization,  P(z,t),  and  the  electric  field  of  the  light,  E(z,t), 
(propagating  along  the  z  axis)  in  a  nongyrotropic  cubic  Kerr-type  crystal  can 


be  written  as 


de 


/icot  9 


^  P(z.t)  +  Xo|P(z,t)|  P(z.t)  -  aE(z,t), 


(1) 


where  a=eQ(c0L^-(0'p^)/47t,  Eq  is  the  background  dielectric  constant  of  the 
medium,  (0^  frequencies  of  longitudinal  and  transverse 

excitons,  respectively,  p  is  the  exciton  effective  mass,  y  is  the  damping 
constant,  and  Xo  is  ^  nonlinear  coefficient  (Xo^^)- 

Eq.  (1)  together  with  the  wave  equation  for  the  propagation  of  a  plane 
wave  packet  in  an  isotropic  dispersive  medium 


3^E(z,t)  e,9^E(z,t)_47i3^P(z.t) 
dz^  C^  c^  dt^ 

gives  the  complete  system  of  equations  describing  the  dispersive  and  nonlinear 
properties  of  a  solid  in  the  freciucncy  range  investigated. 
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We  seek  a  solution  of  the  system  of  equations  (1  )-(2)  in  the  form 

P(z,t)  =  P(z,t)exp[i(Qz  -  m)],  (3) 

where  is  a  carrier  frequency,  Q{Q.)  is  determined  by  the  dispersion  low  of 
the  polaritons,  and  the  amplitude  is  a  slowly  varying  envelope  function. 

In  the  moving  coordinate  system  (x  =  z,  t|  =  t  -  z/U),  we  finally  obtain 
the  perturbed  Nonlinear  Schrodinger  Equation  for  the  envelope  function 


1  3^P  I  “  2  - 

ik":^+0(|,n)+xo|Pl  P=o. 


(4) 


where  U  and  k"  characterize  the  group  velocity  and  the  group  dispersion  of  a 
polariton,  respectively,  and  0(^,ti)  is  a  Hamiltonian  perturbation.^ 

In  anomalous  dispersion  regime,  Eq.  (4)  has  a  bright  soliton  solution 


=  (posech(ri/T)exp[i(v^+pTi)],  (5) 

where  the  relations  between  the  soliton  parameters  are  given  in  Ref.  1.  Eq.  (4) 
has  also  a  dark  soliton  solution  in  normal  dispersion  regime. 

Analyzing  the  properties  of  the  polariton  solitons,  we  show  that  these 
solitons:  a)  have  a  restriction  on  the  soliton  duration  to  be  larger  than  a  certain 
critical  value;  b)  are  wave  number  and  frequency  downshifted  from  the 
corresponding  small  amplitude  polaritons. 

Numerical  calculations  have  been  performed  to  determine  the  critical 
value  of  the  soliton  duration  as  a  function  of  photon  energy  and  the  values  of 
the  wave  number  and  frequency  downshifts  as  a  function  of  the  soliton 
duration  for  CuCl,  CdS,  and  GaAs  crystals. 

The  influence  of  damping  on  propagation  dynamics  of  bright  polariton 
solitons  has  been  examined,  and  the  conditions  for  observations  of  these 
solitons  in  semiconductor  crystals  have  been  discussed. 

We  also  consider  a  nonlinear  resonant  interaction  between  two  different 
polariton  waves  in  spectral  region  near  an  exciton  resonance.  At  frequencies 
above  00^,  where  spatial  dispersion  leads  to  the  existence  of  an  additional 

polariton  wave,  two  different  excitations  propagate  through  a  crystal  at  the 
same  frequency  -  the  upper  branch  polariton,  UP,  and  the  lower  branch 
polariton,  LP.  In  the  presence  of  Kerr  nonlinearity,  the  interaction  between  UP 
and  LP,  which  are  generated  simultaneously  by  an  initial  laser  pulse,  can  lead 
to  coupled  propagation  of  UP  and  LP  wave  packets  through  the  crystal.  We 
show  that  UP  wave  packet  can  form  a  soliton  and  provide  a  “potential”  within 
which  the  LP  is  trapped.^  Numerical  calculations  for  CuCl  and  CdS  have  been 
performed  to  examine  the  conditions  under  which  this  trapping  effect  can  take 
place. 


1 .  I.B.  Talanina,  M.A.  Collin.s,  and  VM.  Agranovich,  Polariton  .solitons  in 
semiconductors,  5o//Vi  Stotc  Commun.  88,  541  (1993). 

2.  I.B.  Talanina,  M.A.  Collin.s,  and  V.M.  Agranovich,  Polariton  trapping  by  a  soliton  near 
an  excitonic  re.sonance, /V7v,v.  Rev.  B  49,  1517  (1994). 
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3-Methyl-4-methoxy-4'-nitrostilbene  (MMONS)  exhibits  one  of  the  largest 
powder  second  harmonic  signals  (1250  x  urea)^^^  and  thus  has  a  great 
potential  in  frequency  doubling  and  parametric  conversion.  The  crystal 
possesses  highly  polar  structure  which  leads  to  the  abnormal  growth  behavior 

in  the  polar  c-direction.  The  single  crystals  of  a  size  40  x  35  x  30  mm^  and  of 
an  excellent  quality  could  be  grown  from  methyl  ethyl  ketone  solution  by 
controlled  solvent  evaporation  (  Fig.l). 

Refractive  indices  were  measured  by  using  Brewster  angle  method*^^  at  the 

wavelengths  of  1.064  pm  ,  0.632  pm  and  0.532  pm.  Phase  matching  angles  for 
the  second  harmonic  generation  were  determined  from  the  refractive  index 
data  (Fig.2)  and  it  was  found  that  the  t3q>e  I  and  type  II  phase  matchings  are 

possible.  The  measured  phase  matching  directions  agree  to  within  0.3°  of  those 
calculated  from  the  Sellmeier  equations.  The  walk  off  angle  for  the  type  II 
phase  matching  is  rather  large  and  varies  from  7  to  12°  ,  depending  on  the 
polar  and  azimuthal  angles.  However  the  walk  off  angle  for  the  type  I  can  be 
as  small  as  0.57°  for  0  =  14.08°  and  ({)  =  5.0°  . 

The  effective  nonlinear  optical  coefficient  was  measured  relative  to  LiNbOg 
by  using  Maker  fringe  method  and  d^fy  =  67  pmA/'.  The  laser  damage  thresholds 
are  observed  to  be  greater  than  1  GW/cm^  at  1.06  pm  where  the  type  I  phase 
matching  occurs.  The  full  width  at  half  maximum  of  the  phase  matching  peaks 
is  about  0.5°. 
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Fig.l.  MMONS  crystal  grown  from  solution  by  solvent  evaporation. 


z 


Fig.2.  Loci  for  the  second  harmonic  generation  at  1.06  pm. 
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Summary 

A  mutually-pumped  phase  conjugator  takes  two  input  beams  and  transforms  each  into  the 
phase-conjugate  replica  of  the  other  [1].  The  two  input  beams  need  not  be  coherent  with  each 
other.  These  conjugators  may  prove  useful  for  optical  communication,  laser  phase-locking, 
optical  interconnection,  and  optical  computing  [2].  It  has  been  experimentally  observed  that 
making  the  two  input  beams  mutually  coherent  changes  the  performance  of  some  mutually- 
pumped  conjugators,  but  not  of  others  [3].  Here  we  present  experimental  results  and  theoretical 
calculations  on  the  performance  of  various  mutually-pumped  phase  conjugators  that  use 
photorefractive  crystals.  Our  theory  includes  the  usual  transmission  grating  but  also  includes  a 
reflection  grating  [4]  and  backscattering  gratings  inside  the  photorefractive  crystal.  In  addition, 
we  allow  depletion  and  absorption  of  all  of  the  beams.  For  simplicity,  however,  we  do  limit 
ourselves  to  the  case  of  one  interaction  region.  We  assume  that  charge  transport  is  dominated  by 
diffusion,  so  that  all  of  the  coupling  constants  are  real.  Figure  1  shows  two  input  plane  waves 

have  amplitudes  A2  and  A4,  respectively.  These  two  waves  have  a  mutual  coherence  of  v 
(0<v<  1).  As  long  as  the  these  two  input  waves  are  at  least  partially  coherent  (v  0),  then  in 
addition  to  the  transmission  grating  AjA*  +  A2*A3,  there  is  a  reflection  grating  AjA*  +A^A^,  and 
backscattering  gratings  ,  and  A3A*  present  in  the  crystal.  The  nonlinear  coupled  wave 
equations  are  then: 


^  =  yt  ^1^4+44  A^+V  Yr  +^24. ^3  +  Yhackscatter  “  oAi 

dz  Iq  ^0  h 


AjA^  -l-  A2A3 


A3  -hv  Yr 


A,  A-i  •+•  At  a  a 


■^4  7 backscatter  ^  A  ^2 


AiA^  -F  AoAt  a,  A3  -h  A-)  A  A  . 

—  ~Yt  j  ^  A2  +  V  Yr  A  —  7 backscatter- prime 

h  L  ^0 


AA  A 

Aa 


dAii  A1A4  "i-  A9A3 

— -  =  -Yt 
dz  /o 

with  the  boundary  conditions 


A  7r 


Aj  A3  +  A2A4 


■  7  backscatter- prime ' 
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Ai(0)  =  A3(L)  =  0,  and 


K(0)f 

K(L)f 

where  1^  +|A2|^  H-lAjf  +|A4|^  is  the  total  intensity  of  the  beams,  y^,  Ybackscatter^  and 

Ybackscatter- prime  are  the  photorefractive  coupling  coefficients  for  the  transmission  grating,  the 

reflection  grating,  and  the  two  backscattering  gratings,  respectively,  q  is  the  intensity  ratio  of  the 
pump  beams,  L  is  the  interaction  length,  and  a  is  the  bulk  ampl’tude  absorption  coefficient  of 
crystal.  When  the  two  input  beams  are  mutually  incoherent  ( v  =  0),  these  coupled- wave 
equations  reduce  to  the  conventional  equations  having  only  a  transmission  grating  [5]. 


We  solve  the  coupled-wave  equations  numerically  and  investigate  the  transmission  of  the 
device  as  a  function  of  the  mutual  coherence  of  the  two  input  beams.  Two  transmissions  are 
defined  by  the  ratio  of  the  phase-conjugate  power  to  the  pump  power,  i.e., 

Tleft-to-right  =  fo*"  the  left-to-right  transmission,  and  Trigbt-to-left  =  for  the 

P4(o)l  1^2  (f)| 


right-to-left  transmission.  For  a  mutually-pumped  phase  conjugator  having  only  a  transmission 
grating,  these  two  transmissions  are  equal  [5];  however,  in  the  presence  of  additional  gratings, 
these  two  transmissions  are  no  longer  the  same.  Depending  on  the  sign  and  the  magnitude  of  the 
backscattering  grating  coupling  strengths,  the  performance  of  mutually-pumped  phase 
conjugators  can  be  significantly  enhanced  or  reduced  when  the  two  input  beams  become 
mutually  coherent.  We  also  performed  experiments  to  verify  our  theoretical  model.  We  carefully 
vibrate  a  min-or  to  vary  the  mutual  coherence  of  the  two  input  beams.  For  example.  Fig.  2  shows 
the  measured  transmissions  and  versus  the  mutual  coherence  of  the 

two  input  beams  in  a  BaTiOs  crystal  acting  as  a  British  conjugator  [6].  The  solid  and  dashed 
lines  are  our  theoretical  fits  using  lots  of  free  parameters. 


In  conclusion,  we  have  investigated  the  performance  of  mutually-pumped  phase 
conjugators  where  the  two  input  beams  are  partially  coherent.  For  some  conjugator  geometries 
our  experimental  results  are  in  good  agreement  with  our  calculations.  This  study  shows  that 
reflection  and  backscattering  gratings  have  different  effects  on  the  performance  of  different 
mutually-pumped  phase  conjugators.  This  work  at  UCSB  and  USC  was  supported  by  the  Air 
Force  Office  of  Scientific  Research. 
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Fig.  1  Schematic  diagram  of  a  photorefractive  mutually-pumped  phase 
conjugator.  The  various  gratings  are  here  shown  displaced  for  clarity. 


Degree  of  mutual  coherence 

Fig.  2  The  two  transmissions  as  a  function  of  degree  of  mutual  coherence  for 
photorefractive  "British"  mutually-pumped  phase  conjugator.  The  points  are  experimental 
measurements.  The  lines  are  fits  from  the  theoretical  model. 
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SUMMARY 

Organic  dyes  show  great  potential  in  the  field  of  nonlinear  optics  due  to  their  high  phase 
conjugate  reflectivities.  The  large  effective  third-order  nonlinear  coefficients  they  possess  are 
a  result  of  saturable  absorption  and  the  long  lifetime  of  their  transient  states.  Aromatic  azo 
compounds  have  been  the  focus  of  much  attention  in  recent  years  in  the  fields  of  holographic 
storage  and  information  processing.^  ®  Azo  dyes  are  attractive  because  of  their  low  cost  and 
many  of  them  are  water  soluble,  making  the  preparation  of  samples  simple  and  inexpensive. 
Also,  the  molecular  designs  of  these  materials  can  be  optically  altered  to  produce  optimal 
results.®  Possible  applications  for  azo  dyes  include  image  processing,  interferometry,  signal 
processing,  optical  switches  and  other  devices,  and  recording  materials  for  holography, 
nonlinear  optics,  and  optical  waveguides. 

One  of  the  contributing  factors  to  the  nonlinear  properties  of  organic  dyes  is  the  trans 
o  cis  photoisomerization  which  occurs  in  the  molecules.  Optical  excitement  induces  rearrange¬ 
ment  or  rotation  around  the  central  N=N  bond.®-^®  This  conformational  change  induces 
reversible  anisotropic  changes  in  both  the  absorption  and  refractive  index  of  materials  which 
have  been  doped  with  these  molecules.  Information  can  be  written  to  and  erased  from  these 
materials  with  polarized  optical  fields. 

Since  the  azo  dyes  must  be  allowed  to  photoisomerize,  a  polymer  matrix  has  to  be  chosen 
that  will  allow  the  reorientation  of  the  molecules  through  photostimulation.®®  Both  liquid  and 
solid  matrices  can  be  used,  but  liquid  solutions  require  high-intensity  light  pulses,  their  time 
of  memory  is  very  short,  and  the  interference  pattern  is  unstable.®  Solid  materials,  on  the  other 
hand,  provide  a  strong  nonlinear  response  when  orientational  gratings  are  formed.  These 
gratings  also  offer  better  signal-to-noise  ratios.®-®®  The  properties  of  these  dyes  also  depend  on 
the  matrix  material.  The  effects  of  matrix  and  pH  on  the  phase  conjugate  signal  and  holographic 
recording  have  been  studied  for  methyl  orange. 

The  azo  dyes  used  in  this  experiment  were  purchased  from  Aldrich  Chemical  Company 
and  were  prepared  in  various  solutions  such  as  water,  ethanol,  polswinyl  alcohol  (PVA),  PMMA, 
and  epoxy.  Some  of  the  solutions  were  spin-coated  onto  or  pressed  between  glass  plates  to 
observe  any  differences  between  the  signals  from  liquid  and  solid  matrices.  A  Cary  model  2300 
UV-VIS-NIR  spectrophotometer  was  used  to  take  the  absorption  spectra  of  the  samples. 

The  DFWM  experimental  setup  shown  in  Figure  1  was  the  standard  scheme  for  optical 
phase  conjugation.  A  Lambda  Physik  EMG  102  MSC  excimer  laser  operating  at  308  nm  using 
xenon  chloride  was  used  to  pump  a  Lambda  Physik  FL  2002  dye  laser.  The  wavelength  on  the 
dye  laser  was  set  at  480  nm  because  of  the  resonance  enhanced  strong  phase  conjugate  signals 
obtained  from  the  samples  at  this  wavelength. 
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Holograms  were  written  in  the  samples  using  the  514  nm  line  of  a  Spectra  Physics 
Argon  Ion  laser.  A  HeNe  laser  was  used  to  reconstruct  the  hologram  because  of  the  low 
absorption  of  the  dye  at  this  wavelength.  The  experimental  system  is  shown  in  Figure  2.  Both 
intensity  and  polarization  gratings  were  written  to  the  material  using  parallel  and  perpendicu¬ 
lar  polarized  object  and  reference  beams,  respectively.  The  angle  at  which  the  reconstruction 
beam  reflected  off  mirror  M4  satisfied  the  Bragg  diffraction  equation  for  a  thick  grating  with 
a  fringe  spacing,  d  =  (Xy2sin0),  where  A,  =  514  nm  and  0  is  the  angle  between  the  reference  and 
the  object  beams. 


PHASE  CONJUGATE 
BEAM  DETECTOR 


LA 
I*TEa 


Probe  beam 


Keierence  beam 


Object  beam 
Reconstructed  beam 


Figure  1:  Degenerate  four  wave  mixing  setup 


Figure  2:  Holographic  setup 


The  phase  conjugate  signal  of  methyl  orange  in  different  matrices  has  been  measured. 
A  large  signal  was  observed  in  all  of  the  samples.  A  normal  dependence  of  the  phase  conjugate 
signal  to  the  laser  input  intensity  was  obtained  (see  Figure  3).  No  significant  enhancement  of 
any  matrix  relative  to  the  other  matrices  was  observed,  implying  that  for  this  azo  dye,  the  choice 
of  matrix  has  little  effect  on  its  signal.  pH  has  a  significant  effect  on  the  color  of  methyl  orange 
(see  Figure  4)  but  no  differences  were  observed  in  the  phase  conjugate  signal  of  samples  that 
were  acidic  or  basic. 


Methyl  orange  doped  in  PVA  and  epoxy  were  used  to  study  the  effects  of  matrix  on 
holographic  recording.  In  a  low  pH  media  no  holograpic  response  was  observed  from  the  methyl 
orange  in  either  film.  In  neutral  to  basic  media,  grating  growth,  decay  and  erasure  times  for  the 
epoxy  films  were  found  to  be  much  slower  than  the  PVA  films.  The  highest  resolution  was 
obtained  with  the  PVA  films.  These  results  were  anticipated  due  to  the  relative  rigidity  of  the 
materials.  The  resolution  of  the  PVA  films  is  comparable  to  that  of  silver  halide  film.  Both  the 
PVA  and  the  epoxy  based  films  have  extremely  slow  response  times  when  compared  to  silver 
halide  and  photopolymer  films.  Diffraction  efficiencies  for  polarization  gratings  were  found  to 
exceed  the  diffraction  efficiencies  for  intensity  gratings  in  both  PVA  and  epoxy  systems,  in 
agreement  with  other  research  published.  The  maximum  diffraction  efficiency  observed  in  the 
PVA  films  was  higher  compared  to  the  epoxy  film  although  very  weak  compared  to  silver  halide. 
Decay  times  for  information  written  to  the  films  are  on  the  order  of  hours  in  the  epoxy  films, 
much  longer  than  the  several  minutes  decay  time  of  the  PVA  films.  The  damage  threshold  of 
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Figure  3.  DFWM  of  Methyl  Figure  4.  Absorption  spectra  of  Methyl 

Orange  Orange  in  A)  acidic  and  B)  basic  solution 

the  epoxy  film  was  found  to  be  higher  than  the  PVA  film.  Since  PVA  is  water  soluble,  humidity 
was  found  to  damage  the  surface  of  the  film  and  affect  the  storage  time. 

In  conclusion,  solid  and  liquid  matrices  and  changing  pH  of  methyl  orange  showed  no 
significant  difference  in  the  DFWM  results.  Holographic  recording  in  methyl  orange  doped 
films  was  observed  only  in  the  basic  form  of  the  azo  dye.  The  increased  damage  threshold  and 
decreased  humidity  sensitivity  however,  make  the  epoxy  films  much  more  attractive  for 
practical  applications  even  with  the  increased  write/erase  cycle  time  over  the  PVA  films. 
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The  delocalisation  of  the  tc  electrons  along  the  backbone  of  one-dimensionally 
conjugated  molecules  gives  rise  to  large  electrical  polarizabilities.  Therefore,  a  large 
nonlinear  response  can  be  expected  in  these  systems.  A  major  technological  advantage  of 
organic  materials  for  photonics  applications  is  that  these  molecules  are  relatively  easily 
processable  into  thin  films  on  various  substrates.  Because  the  solubility  of  these 
centrosymmetric  molecules  decreases  drastically  with  length,  an  accurate  estimation  of  the 
saturation  length  (i.  e.  the  number  of  repeat  units  at  which  the  length  dependence  of  the 
optical  response  becomes  linear)  yields  valuable  information.  Thienpont  et  a/.^  report 
experiments  where  a  saturation  of  the  optical  nonlinearity  for  the  oligothiophenes  is 
observed.  In  present  contribution,  we  show  that  the  coupling  between  the  repeat  units  in  the 
chain  determines  the  length  dependence  of  the  optical  properties,  without  having  to  introduce 
any  anharmonicity  of  the  constituents.  Furthermore,  we  present  quantitative  results  on  the 
effects  of  conformation.  Therefore,  this  contribution  can  be  seen  as  both  a  simplification  and 
an  extension  of  previous  work^. 

We  propose  to  model  the  oligomeric  series  by  a  periodic  succession  of  harmonic 
oscillators  (Eq.  1),  truncated  at  a  distance  Ij,  i.  e.  monomer  delocalisation  length  (Fig.  1). 

V{x)  =  —mti)\x^  for  -^<x<—  (1) 

2  “  2  2 

If  we  associate  two  electrons  with  each  repeat  unit  of  the  oligomer  and  apply  a  static  electric 
field,  we  obtain,  as  outlined  in  Ref.  2,  the  optical  band  gap  Eg,  the  polarizability  a  and  the 
second  hyperpolarizability  y.  The  two  parameters  in  this  model  are  the  resonance  pulsation 
of  the  monomer  harmonic  oscillator  coq  and  the  delocalisation  length  Ij.  Fig.  2  displays  the 
calculated  second  hyperpolarizabiliiy  y  as  a  function  of  the  number  of  repeat  units  N,  together 
with  the  available  experimental  data’ -3  and  recently  published  detailed  quantum-chemical 
calculations'*  for  the  thiophene  oligomeric  series.  The  experimental  values  are  reduced  to 
their  static  limit  using  the  well-known  dispersion  relations  for  a  two-level  system  and  the 
parameters  are  obtained  from  the  experimental  band  gaps  of  the  monomer  and  dimer.  The 
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calculated  band  gap  and  linear  polarizability  show  a  very  similar  behaviour  to  the  ones  we 
presented  in  Ref.  2,  but  we  stress  that  there  the  results  were  obtained  with  a  model  for  which 
the  monomer  potential  is  anharmonic.  Here  however,  the  saturation  of  the  optical  properties 
is  obtained  by  a  model  potential,  where  the  individual  constituents  do  not  possess  a  nonlinear 
response.  On  visual  inspection  of  Fig.  2,  it  can  also  be  noted  that  the  extrapolation  of  the 
calculations  to  N=1  provides  a  rather  good  estimate  of  the  experimental  monomer 
hyperpolarizability  y* 


Fig.  1  :  Potential  energy  profile  for  the  thiophenen  oligomer  of  7  repeat  units  as  a  function  of  the  coordinate 
along  the  molecule  backbone  x. 


Fig.  2  :  Second  hyperpolarizability  y  (lO^trPV'^)  vi-,  number  of  repeat  units  N  for  thiophene  oligomers  lour 
calculations  (plain  line);  ab  initio  calculations  by  Beljonne  et  al."^  (long  dashes);  experimental  values  . 
Thienpont  et  al.^  (triangles),  Zhao  et  al.^  (squares)).  The  dashed  lines  indicate  the  short-chain  and  long-chain 
length  dependencies. 

In  order  to  study  the  effect  of  conformation,  we  calculate  the  optical  band  gap  Eg  as  a 
function  of  the  monomer  delocalisation  length  Id  for  the  biphenyl  molecule,  using  the 
parameter  value  for  coq  determined  from  the  band  gap  of  benzene^.  As  the  dihedral  angle  6 
between  the  two  phenyl  rings  increases,  the  overlap  between  the  p,.  orbitals  of  the  two  carbon 
atoms  on  either  side  of  the  bond  will  decrea.se,  resulting  in  an  increased  bond  length  and 
hence  an  inhibition  of  the  tunneling.  This  is  modeled  by  an  increase  of  the  potential  barrier 
between  the  two  consecutive  wells.  By  increasing  the  spacing  between  the  monomer 
potential  wells  Id  and  relating  this  spacing  to  the  overlap  of  the  p,  orbitals  following  Eq,  2, 
we  obtain  the  dependence  of  the  optical  band  gap  on  the  dihedral  angle  9  (Fig.  3). 


103 


5(r,O°)  =  5(ro,O°).cos0 


(2) 


Here,  S  stands  for  the  n-K  overlap  integral  between  two  carbon  atoms,  calculated  on  Slater 
type  orbitals  with  an  orbital  exponent^  of  1.625  and  tq  for  the  bond  length  r  (defined  in  inset 
of  Fig.  3)  at  0=0°.  The  experimental  points  also  shown  in  Fig.  3  are  the  mean  values  of  the 
data  compiled  from  numerous  sources  for  biphenyl  in  the  crystalline  and  gas  phase  and  in 
different  solutions  in  nonpolar  solvents.  The  flags  indicate  the  range  of  measurements  found 
in  the  literature. 


Fig.  3  :  Optical  bandgap  Eg  (eV)  vs.  dihedral  angle  6  (°)  for  biphenyl.  Our  calculations  (plain  line);  Pariser- 
Parr-Pople  calculations^  (crosses);  experimental  values  (circles)  :  (1)  solid  state,  (2)  liquid  phase,  (3)  gas 
phase,  (4)  the  value  for  benzene^.  Inset :  molecular  structure  and  parameter  definition. 

In  conclusion,  we  have  shown  that  resonant  tunneling  phenomena  alone  can  account 

for  the  length  dependence  of  the  optical  properties  of  conjugated  systems,  in  good  agreement 

with  the  experiments  of  Thienpont  et  al.^.  In  addition,  we  have  quantitatively  studied  the 

effect  of  a  twist  in  the  conjugated  chain  by  using  a  very  simple  relationship  between  the 

spacing  of  the  minima  in  the  potential  profile  and  the  dihedral  angle  between  the  tilted  pz 

orbitals.  The  results  on  the  biphenyl  molecule  are  in  good  agreement  with  the  experimental 

data.  The  very  simple  parametrisation  of  the  model  makes  it  a  powerful  tool  for  the 

estimation  of  the  optimum  length  of  newly  designed  conjugated  molecules.  In  fact,  the 

optical  band  gap  of  the  monomer  and  its  geometry  are  sufficient  to  predict  the  oligomer 

length  at  which  the  optical  properties  level  off.  Hence,  the  physical  lower  limits  of  cOq  and  l^ 

will  determine  the  maximum  molecular  nonlinear  response  obtainable  in  these  conjugated 

systems.  Therefore,  one  should  focus  on  the  ordering  of  the  molecules  into  a  proper 

macroscopic  sample  to  obtain  organic  materials  suitable  for  ultrafast  optical  switching. 
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There  has  been  much  recent  interest  in  the  optical  properties  of 
semiconductor  microcrystals  which  are  of  sufficiently  small  size  that 
quantum  size  effects  become  important  [1-4],  The  deep  potential  well  in 
these  systems  provides  strong  confinement  of  the  carriers,  profoundly 
altering  the  observed  linear  and  nonlinear  optical  properties.  The  ability 
to  control  the  strength  of  this  confinement,  and  consequently  the  optical 
properties  of  the  material,  by  using  different  microcrystal  sizes  provides 
a  rich  field  of  study  and  has  the  potential  to  provide  materials  for 
photonic  device  applications. 

One  method  used  in  the  fabrication  of  such  structures  is  to  grow  the 
semiconductor  in  a  glass  matrix,  and  glasses  doped  with  ll-VI  and  l-VII 
materials  have  been  investigated  [5-9],  These  fabrication  techniques  are 
not  as  well  suited,  however,  to  lll-V  and  IV-IV  semiconductors.  An 
alternative  is  to  grow  these  materials  in  the  voids  present  in  a  porous 
glass  such  as  Corning  Vycor  glass.  In  this  work  we  report  studies  of  the 
optical  properties  of  InP  microcrystals  deposited  in  Vycor, 

The  Z-scan  [  I  0- 1  2],  in  which  the  sample  under  study  is  moved  along 
the  direction  of  propagation  of  a  focused  beam,  has  been  employed  to 
study  these  systems.  This  experimental  technique  allows  measurement  of 
the  bound  electronic  nonlinear  refractive  index  y,  the  refractive  index 
change  per  unit  photoexcited  charge  carrier  density  a^,  and  the  two  photon 
absorption  coefficient  p.  In  [9]  a  Q-switched/mode-locked  Nd:YAG  laser 
providing  lOOpsec  duration  pulses  at  1064nm  was  used  to  study  40A 
radius  GaAs  microcrystals.  These  experiments  found  y=-5.6x  1  0"i 2cm2/w, 
ar=-8.5xl  0“2icm3,  and  p=30cm/GW.  The  importance  of  the  quantum 
confinement  to  these  results  becomes  clear  when  one  considers  that  the 
GaAs  represented,  by  volume,  only  about  1%  of  the  the  sample. 

Here,  we  report  results  of  Z-scans  with  150A  InP  microcrystals 
deposited  in  Vycor.  This  work  employed  a  Q-switched/mode-locked 
Nd:YAG  laser  which  pumped  a  Ti:sapphire  laser.  The  system  was  operated 
at  850nm  and  provided  pulses  of  8nsec  duration.  These  studies  have 
determined  y  to  be  negative  in  these  materials  at  this  wavelength,  with 
|y|<1 .3x1  0“'2cm2/w.  The  results  also  indicate  significant  nonlinear 
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absorption  which  could  not  be  attributed  to  a  single  loss  mechanism. 

Given  the  relatively  long  pulse  duration,  excited-state  absorption  is  a 
reasonable  explanation  for  this  nonlinear  loss,  It  was  not  possible, 
therefore,  to  extract  p  from  these  measurements, 

In  other  work  with  1  50A  InP  microcrystals,  a  pulse  plucker  was 
used  in  conjunction  with  the  Q-switched/mode-locked  Nd:YAG  laser  to 
provide  single  lOOpsec  duration  pulses  at  a  repetition  rate  of  1kHz. 

Figure  1  shows  the  result  from  one  Z-scan.  The  peak  incident  intensity  in 
this  case  was  1.8GW/cm2  and  the  aperture  size  [10-12]  was  5=0.64.  This 
data  clearly  indicates  that  the  bound  electronic  nonlinear  refractive  index 
is  negative  in  this  system,  and  we  find  y=-0,4x  1  0“ ' 2cm2/w  for  this 
incident  irradiance.  Unlike  the  previous  set  of  studies,  however,  nonlinear 
absorption  was  negligible,  which  we  attribute  to  the  difference  in  pulse 
duration  between  the  two  sets  of  measurements.  The  absence  of 
significant  nonlinear  absorption  can  be  inferred  from  Figure  1  by  the  good 
agreement  between  the  values  of  (the  peak  transmittance- 1 )  and  ( 1  -the 
minimum  transmittance)  [1  1,12],  The  absence  of  nonlinear  absorption  was 
further  confirmed  by  open  aperture  Z-scans.  In  both  InP  studies  the 
concentration  in  the  glass  was  only  about  3%  by  volume,  again  indicating 
the  strohg  influence  of  the  quantum  confinement  on  the  optical  properties 
of  these  systems.  Pump/probe  experiments  have  also  been  performed  to 
study  the  temporal  characteristics  of  the  optical  nonlinearities.  This 
work  was  performed  by  placing  the  sample  at,  for  example,  the 
transmittance  maximum  and  observing  the  temporal  decay  of  the  signal 
with  a  probe  beam. 

In  conclusion,  we  report  results  of  Z-scan  experiments  with  InP 
microcrystals  deposited  in  Vycor.  The  data  indicates  that  the  quantum 
confinement  provided  by  the  microcrystals  produces  a  significant 
nonlinear  refractive  index.  It  is  also  shown  that,  for  a  short  pulse 
duration  ( 1  OOpsec),  nonlinear  absorption  is  negligible  at  1  064nm.  Further, 
the  temporal  characteristics  of  the  optical  nonlinearities  have  also  been 
investigated. 


106 


(U 

u 

£= 


E 

tn 

c 

KJ 


T3 

(U 

N 


(O 

E 


FIGURE  1 :  Closed  aperture  Z-scan  data  (5=0.64)  for  a  400  micron  thick  Vycor  glass 
sample  with  150A  radius  InP  microcrystals.  The  peak  incident  intensity  was 
1 .8GW/cm2  and  the  laser  wavelength  was  1 064nm. 
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Physical  phenomena  in  arrays  of  multiple  nonlinear  waveguides 
or  fibres  have  attracted  much  attention  in  recent  years  [1-4], 

In  these  works,  the  input  radiation  usually  has  been  assumed  to 
be  a  continuous  wave.  However,  in  real  devices  CW  excitation  has  two 
major  problems.  Firstly,  CW  is  known  to  be  modulationally  unstable  at 
powers  close  to  the  threshold  switching  powers.  Secondly,  only  short 
pulses  (preferably  solitons)  rather  than  quasi  CW-signals  can  be  used 
for  ultrafast  all-optical  switching.  In  this  paper  we  start  to  investigate 
solitary  wave  propagation  in  multi-core  nonlinear  fibre  arrays  of 
circular  symmetry.  We  find  new  classes  of  stationary  solitary  wave 
solutions  for  this  type  of  array.  We  also  investigate  the  structure  of 
these  new  soliton  solutions  and  the  parameter  regions  where  they  exist. 
It  is  shown  that  the  bifurcation  phenomenon,  which  was  recently  found 
for  the  case  of  the  two-core  nonlinear  coupler  [5],  has  a  universal 
character  and  can  be  observed  for  every  number  n  of  cores  in  a  multi- 
core  nonlinear  fibre  array  of  circular  symmetry. 

The  propagation  of  pulses  in  an  array  of  n  coupled 
nonlinear  fibres  of  circular  symmetry  (the  geometry  of  a  sample  fibre 
array  is  shown  in  the  Fig.l,  n  >  3)  can  be  described  in  terms  of  n 
linearly  coupled  nonlinear  Schrodinger  equations  (NLSE)  [4].  In 
normalised  form,  this  set  of  NLSE's  is  given  by: 

aui  1 

i-^  +  2  +IUiFUi  +K(Un  +  U2)  =  0 


au,  1  a^Uo  0 

+  2  ^  '^2'  U2  +  K(Ui  +  U3)  =  0 


(1) 


aUn  1  a^Un  2 

2  ^  +  Ui)  =  0 


All  variables  are  dimensionless  and  normalised.  We  consider  K  to  be 
the  only  material  constant  of  the  problem  and  assume  that  K  >  0. 

Using  substitutions  : 

Ui(^,T)  =  Ui(r,q')  ^  (2) 


Ui  =  ^/Kfi,  T  =  t//K,  q=qK 


(3) 


where 

obtain: 


i  is  the  index  of  a  core  (n 
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is  the  number  of  the  cores),  we 


(4) 


id  ^ 

— ^-qfi  +  ^  +  (4  +  f2)  =  0 
^  dt 

- — 2  -  qfz  +  if  ■'■  (fi  +  %)  -  0 


2dt^ 


~  +  ^  +  (^-1  +  fl)  -  0 


which  has  now  only  one  combined  parameter  q  =  q  /K.  This  combined 
parameter  is  the  only  parameter  of  the  problem. 

Eqs.  (4)  are  invariant  with  respect  to  four  major  symmetry 
transformations.  They  are  the  following: 

(a)  rotation  symmetry  (fi  — >  fj+i,  for  1  <  i  <  (n  -  1)  and  fn  — >  fi  ), 

(b)  mirror  symmetry  (fi— >fi  and  fi  +  i  ->  fn+ i-i  for  1  <  i  <  (n  -  1)), 

(c)  sign  inversion  symmetry  (fi  -fi,  for  1  <  i  <  n), 

(d)  time  reversal  symmetry  (fi  (t)  — >  fi  (-t)  for  1  <  i  <  n). 


The  internal  symmetries  of  the  system  (4)  result  in  the  existence 
of  a  solution,  which  exists  for  every  value  of  n  (n  >  3)  This  is  the  fully 
symmetric  solution: 


(5) 


for  all  i  values  (1  <  i  <  n  ).  Using  the  approach  of  [5]  we  can  find  the 
positions  of  the  points  where  asymmetric  solutions  bifurcate  from  the 
solution  which  has  identical  pulses  in  each  core: 

(n)  _  8-2cos(27t(j-l)/n) 

4j-i  -  5 -  W 


Eqs. (6)  determine  the  location  of  the  bifurcation  points. 
(Superscript  n  and  subscript  (j-1)  (where  2  >  j  >  n)  denote  the  number 
of  the  cores  and  the  number  of  the  bifurcation  respectively.) 

The  convenient  way  to  classify  soliton  solutions  is  by  the 
construction  of  the  energy-dispersion  diagram  [5,  6].  The  energy  of  a 
stationary  soliton  solution  is  defined  by: 


Q(q)  =  f  ilu/dT=[  iufdx=K'4  t^dt=K’4~ixf 

J_(«>i=l  J_ooi=l 


On  this  diagram,  a  bifurcation  point  can  be  explicitly  seen  as  the  point 
where  a  curve  which  corresponds  to  the  solution  of  one  type  splits  off 
from  a  curve  which  corresponds  to  another  type  of  solution. 

Since  in  any  switching  phenomena,  nonlinear  modes  with  the 
lowest  energy  are  initially  excited,  we  have  carried  out  a  full  numerical 
investigation  only  for  the  asymmetric  solutions  of  the  lowest  order.  The 
energy-dispersion  bifurcation  diagrams  for  the  cases  n  =  3,  4,  5  are 
shown  in  Fig  1  (a,  b,  c  respectively).  Only  the  curves  for  the  fully 
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symmetric  and  the  lowest  order  asymmetric  soliton  solutions  are 
shown.  The  curve  of  parabolic  shape  corresponds  to  the  symmetric  state 
(S-curve).  The  curves  for  asymmetric  states  of  the  lowest  order  split  off 
from  it  at  the  bifurcation  point  M^.  We  also  show  the  position  of  all 
other  bifurcation  points  whenever  they  exist  for  a  given  n. 


The  numerical  results  obtained  for  the  cases  n  =  3,  4  and  5  show 
that  the  number  and  positions  of  the  points  of  bifurcation  are  in  accord 
with  formula  (6). 

In  conclusion,  we  have  investigated  the  problem  of  stationary 
pulse  propagation  in  circular  arrays  of  n  coupled  nonlinear  fibres.  At 
low  energies,  the  stationary  pulses  can  only  propagate  in  the  array  if 
their  field  envelopes  have  identical  forms  and  amplitudes  in  all  fibres. 
Increasing  the  energy  above  the  energy  of  the  first  bifurcation  gives 
the  possibility  of  a  redistribution  of  energy  among  the  cores,  so  that  the 
energy  becomes  concentrated  in  a  few  cores.  Further  increase  in  the 
total  energy  leads  to  a  concentration  of  the  energy  in  a  single  core. 
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Poly(p-phenylenevinylene)  (PPV)  is  a  conjugated  polymer  known  for  its  interesting 
optical  and  electrical  properties.  In  particular  large  values  of  its  third  order  optical  non¬ 
linearity  have  been  reported  at  wavelengths  close  to  its  single  photon  absorption  edge^ 
Of  special  interest  is  the  fact  that  PPV  is  processible  in  the  form  of  a  soluble  precursor 
which  can  be  dissolved  in  water  and  mixed  with  media  such  as  sol-gel  glasses  to  obtain 
organic/inorganic  composites  of  good  optical  quality  useful  for  waveguide  fabrication. 

The  crucial  point  in  determining  the  application  of  the  material  in  photonics  is 
however,  the  ratio  of  the  real  to  imaginary  parts  of  the  non-linear  susceptibility^  as  well 
as  the  sign  of  the  real  part.  These  determine  the  kind  of  phenomena  that  can  be  observed 
using  the  material,  and  if  sufficient  non-linear  phase  accumulation  can  occur  for  a  given 
application  before  multi-photon  absorption  attenuates  the  non-linear  waves. 

Between  its  single  and  two-photon  absorption  edges  PPV  is  expected  to  have  a 
defocussing  non-linearity  and  although  measurements  of  the  magnitude  of  X3  around 
600nm  have  been  reported  the  sign  has  not  yet  been  determined.  A  defocussing  non¬ 
linearity  is  required  for  the  excitation  of  dark  spatial  solitons  which  are  predicted  to  be 
relatively  insensitive  to  two-photon  absorption^  in  photonic  applications.  It  is  thus  of 
interest  to  determine  the  non-linear  properties  of  PPV  within  its  transmission  band. 

We,  therefore,  report  here  measurements  of  the  sign  and  magnitude  of  the  third 
order  non-linearity,  and  the  magnitude  of  the  two  photon  absorption  coefficient  using 
125fs  pulses  from  an  amplified  mode-locked  Tirsapphire  laser.  We  also  demonstrate 
that  the  non-linear  index  change  saturates  at  An=10'2,  with  saturation  accompanied  by 
the  appearance  of  a  long  lived  component  in  the  transient  grating  generated  within  the 
material  associated  with  excited  state  absorption. 

Single  pulses  extracted  from  the  pulse  train  from  a  Coherent  MIRA  fs 
Tirsapphire  laser  were  amplified  to  a  maximum  energy  of  ImJ  using  a  standing  wave 
Tiisapphire  regenerative  amplifier  pumped  at  3()Hz  by  a  frequency  doubled  Quantaray 
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GCR- 130-30  NdiYAG  laser.  After  recompression  the  pulse  duration  was  measured  to 
be  125+5fs.  The  amplified  beam  was  split  into  three  and  configured  in  the  BOXCARS 
geometry  for  time  resolved  forward  DFWM  measurements  of  the  optical  non-linearity. 
The  beams  were  loosely  focussed  to  =300iim  diameter  onto  3-4|im  thick  PPV  samples 
on  glass  microscope  slides  as  substrates.  The  PPV  films  were  fabricated  from  a 
precursor  with  a  tetrahydrothiophene  leaving  group  synthesized  according  to  and  their 
thickness  determined  from  the  waveguide  modes  using  a  METRICON  prism  coupler. 
By  measuring  the  non-linearity  as  a  function  of  laser  intensity  it  was  possible  to 
determine  its  saturation  properties.  Fused  silica  was  used  as  a  reference  material  to 
obtain  the  magnitude  of  the  non-linearities  from  the  DFWM  signals. 

Typical  data  from  these  experiments  are  shown  in  figure  1  which  illustrates  the 
presence  of  two  contributions  to  the  transient  grating  formed  in  PPV:  one  a  fast 
component  limited  only  by  the  pulsewidth  of  the  laser  and  corresponding  to  an 
n2=7.5±0.5  I0‘^^cm2/W;  and  the  second  an  intensity  dependent  tail  attributed  to  the 
onset  of  excited  state  absorption. 

In  other  experiments  single  beam  power  dependent  transmission  measurements 
and  two-beam  pump-probe  measurements  allowed  the  two  photon  absorption 
coefficient  to  be  determined  as  (3=1.1  Kb^cm/W,  whilst  the  eclipsing  z-scan^  technique 
was  used  to  determine  the  sign  of  the  non-linearity  as  negative. 

The  consequences  of  these  results  for  the  application  of  PPV  in  photonics  will 
be  discussed. 
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Fig.l  DFWM  scans  for  a  3|im  thick  PPV  film  on  glass  substrate  obtained  at  the 
following  intensities:  1.3GW/cm2  (39);  32GW/cm2  (41);  57  GW/cm^  (43);  80GW/cm2 
(44). 
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Today  conjugated  polymers  are  among  the  most  promising  nonlinear  materials.  The 
configuration  interaction  (Cl)  method  utilizing  Pariser-Parr-Pople  (PPP)  model  has  proved  to  be 
very  efficient  for  the  calculation  of  the  nonlinear  optical  properties  of  organic  molecules.  Until  now 
such  calculations  in  the  case  of  conjugated  polymers  were  restricted  to  either  very  small  systems 
(about  dozen  sites)  or  only  one-electron  excited  states  taken  into  account  (S-CI).  However,  S-CI 
approximation  is  usually  insufficient  to  describe  properly  nonlinear  effects,  and  inclusion  of 
double  excited  states  is  inevitable.  Here  we  are  interested  in  the  properties  of  bulk  polymer  solids, 
so  that,  using  cyclic  boundary  condition,  we  can  treat  relatively  long  chains  in  the  Cl  calculation 
with  all  single  and  double  excitations  taken  into  consideration  (SD-CI). 

The  third  order  susceptibility,  x(3)(co;co,-co,co),  is  calculated  in  the  SD-CI  approximation 
using  PPP  hamiltonian  [1]  for  polymer  rings  of  N=2M  sites  (we  present  here  the  results  for 
N=40)  with  the  same  number  of  electrons  interacting  with  each  other  through  the  Pople  potential 

Vnm=Vfl/rnm>  where  rnm  is  the  distance  between  the  sites  n  and  m,  and  a  is  the  average  site 

spacing.  The  polymer  ring  is  supposed  to  be  dimerized  with  the  transfer  energy  modulation  6t.  All 
energy-like  quantities  are  presented  here  in  units  of  transfer  energy  t  (typical  value  is  about  2eV). 
On-site  interaction  energy  is  taken  U=2V=2t. 
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Fig.l  Fig.2 

Fig.l  shows  a  typical  spectrum  of  the  imaginary  part  of  %(3)(co;co,-co,co)  (solid  line).  The 
damping  is  introduced  phenomenologically  and  has  a  relatively  small  value  (0.02t)  to  resolve 
resonance  peaks.  In  the  region  of  the  two-photon  absorption  one  can  clearly  see  two  groups  of 
peaks.  The  smaller  group  represents  the  peaks  which  usually  appear  in  the  S-CI  approximation 
[1],  while  the  large  broad  group  of  peaks  near  the  excitonic  linear  absorption  resonance  is  an 
essential  feature  of  SD-CI  calculations.  This  becomes  obvious  if  we  analyze  a  contribution  of  the 
double  excitations  to  the  resonant  states  in  the  region  of  the  two-photon  absorption  (Fig.2).  The 
contribution  of  double  excitations  we  define  here  as  a  sum  of  the  squares  of  modular  of  the 
expansion  coefficients  related  with  wave  functions  of  Hartree-Fock  double  excited  states  in  the 
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series,  which  represents  an  eigenfunction  of  the  PPP  hamiltonian.  The  positions  of  its  eigenvalues 
are  marked  in  Fig.2  by  circles.  It  should  be  noted  here  that  the  absolute  values  of  the  resonant 
energies  should  be  corrected  to  the  lower  magnitudes,  because  in  the  case  of  long  polymers  a 
neglecting  of  higher  order  excitations  (triple  and  so  on)  leads  to  the  overestimation  of  the  resultant 
excitation  energies.  But  as  for  the  relative  position  of  the  eigenstates  of  the  PPP  hamiltonian,  it  can 
be  satisfactory  described  in  the  SD-CI  approximation,  the  exception  being  the  pair  of  the  lowest 
one-photon  and  two-photon  excited  states  [2]. 

In  the  present  work  we  have  also  investigated  the  dependence  of  the  two-photon 
absorption  spectrum  upon  some  parameters  of  conjugated  polymers.  Figures  3(a)  and  3(b)  differ 

only  by  the  value  of  the  transfer  energy  modulation  5t.  It  is  clear  that  polymers  with  weaker 
dimerization  are  more  favorable  for  getting  strong  two-photon  absorption. 


Photon  energy  (in  units  of  t)  Photon  energy  (in  units  of  t) 


Fig.3(a)  Fig.3(b) 

Two-photon  absorption  spectrum  demonstrates  also  a  strong  dependence  upon  the  strength 

of  the  electron-electron  interaction  (Fig.  4(a)  and  4(b)  for  6t=0.1t).  Two  times  increase  in  the 
interaction  strength  has  forced  us  to  use  logarithmic  scale  to  show  the  difference.  So,  we  may 
conclude  that  conjugated  polymers  with  strongly  correlated  electrons  are  poor  candidates  for 
systems  with  a  large  optical  nonlinearity. 


Photon  energy  (in  units  of  t) 
Fig.4(a) 
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Fig.4(b) 
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Recently,  there  is  a  rapidly  growth  of  interest  in  two-dimensional  7t-electron 
organic  materials  due  to  their  large  third-order  nonlinear  optical  effects,  thermal  and 
physical  stabilities  and  film  forming  property.  A  considerable  amount  of  investigations  on 
porphyriiV'’^^  and  phthalocyanines'^^  has  been  accumulated.  In  this  paper,  the  nonlinearity 
of  a  new  kind  of  macrocyclic  metal -coordinated  complex  and  their  derivates  was  reported. 

The  new  metal-coordinated  molecules  are  asymmetric  tripyrrane-containing  22  n- 
electrons  aromatic  macrocyclic  cadmium  (2-f-)  complex  ( I )  and  gadolinium  ( 3+ )  complex 
( II ).  The  chemical  structures  of  the  molecules  are  shown  in  Pig.  1 .  Both  the  complexes  were 
synthesized  by  an  improved  procedure,  in  which  the  acid-catalyzed  1:1  shiff  base  conden¬ 
sation  of  0-phenylenediamine  with  diformyltripyiTane  were  used  and  sequentially  oxidized 
to  form  the  methine  bridged  22  Ti-electrons  aromatic  macrocyclic \metal  complexes  in  high 
yields  by  treating  with  corresponding  chloride  in  the  presence  of  air  To  investigate  the 
affect  of  the  charge  transfer  within  the  molecule  on  the  nonlinearity,  a  series  of  electron 
accepting  groups,  such  as  -NO^,  -CO^Na  and  -Cl,  were  incorporated  to  the  pyrolane. 


Fig.  1  Chemical  Structure  of  two  complexes 

All  the  complexes  and  their  derivates  were  studied  with  degenerate  four  wave 
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mixing  ( DFWM )  in  solution  state.  The  solvant  is  methanol.  The  experimental  arrangement 
was  a  standard  phase  conjugate  DFWM,  similar  to  our  previous  report^^l  5  nanosecond 
pulses  at  1064nm  from  a  Q-switched  YAG  laser  was  used.  The  spectroscopic  analysis 
indicated  that  there  is  no  absorption  in  the  region  of  1064nm.  The  value  of  for  the  so¬ 
lutions  v>/ere  measured  by  using  CS^  as  a  reference.  Both  xxxx  and  xyyx  components  of 
were  measured  by  changing  the  probe  beam  polarization  with  a  X/4  waveplate.  The  ratio  of 
xxxx  component  to  xyyx  component  for  the  samples  was  determined  to  be  3: 1  within  the 
measurement  error.  This  excludes  the  contribution  from  the  thermal  effect.  V/ith  the 
magnitude  of  measured  for  the  solutions  at  a  certain  concentration,  the  value  of  third- 
order  hyperpolarizability  of  the  molecules  were  obtained  with  the  relation'll  of  x‘'^^=NL'’y. 
Where,  N  is  the  number  density  and  L"*  =[(iF-f2)/3]"'  the  local  field  correction  term,  n  is  the 
refractive  index  for  the  solution.  The  results  are  shown  in  table  I. 


TABLE  I  The  third-order  hyperpolarizability  of  complexes  and  derivates 


Sample 

y  (lO'^’esu) 

‘xxxx  ^  ' 

Harmitt  constant 

Gd^'LCycle 

1.2 

/ 

Gd’LCycle 

1.0 

/ 

Gd’LCycle-CO^Na 

1.0 

0 

Gd^LCycle-Cl 

1.15 

0.23 

Gd’LCycle-NO^ 

1.47 

0.78 

It  is  clearly  that  the  nonlinearity  of  the  molecules  is  enhanced  by  incorporated  an 
electron  accepting  group.  The  magnitude  of  of  yis  linearly  increased  with  the  increment 
of  Harmitt  constant.  This  is  of  great  importance  for  synthesising  new  macrocylic  K- 
conjugated  molecules. 
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In  the  present  paper  we  have  developed  a  Raman  gain  spectroscopy  with 
femtosecond  resolution.  The  advantage  of  the  method  is  as  follows.  (1)  The 
method  is  not  suffered  from  disturbance  by  fluorescence.  (2)  The  interference 
of  signal  with  nonresonant  background  does  not  appear.  This  is  extremely 
advantageous  to  the  time-resolved  CARS  spectroscopy.  We  have  applied  this 
new  method  to  the  excitons  in  polydiacetylene  (PDA)  with  only  1.5  ps  lifetime. 
This  offers  the  vibrational  spectrum  with  the  highest  time  resolution. 

Conjugated  polymers  have  attracted  much  attention  because  of  their 
unique  properties  as  model  compounds  of  one-dimensional  electronic  systems. 
Conjugated  polymers  have  localized  excited  states  with  geometrical  relaxation. 
We  have  investigated  self-trapped  exciton  (STE)  in  polydiacetylene  (PDA)  using 
femtosecond  spectroscopy  [1-6].  The  formation  process  of  STE  from  free- 
exciton  (EE)  has  been  observed  as  a  spectral  change  of  photolnduced 
absorption  with  a  time  constant  of  about  150  fs  [4].  Transient  fluorescence 
from  FE  in  PDA  observed  by  probe  saturation  spectroscopy  (PSS)  has  a  peak 
at  1.9  eV  and  decays  with  the  formation  of  the  STE  [6]. 

Time-resolved  resonance  Raman  spectroscopy  has  been  recognized  as  a 
powerful  method  for  studying  structures  of  transient  species  and  electronic 
excited  states.  Terai  et  al.  have  calculated  phonon  modes  of  localized  excited 
states  in  (CE)^  and  predicted  that  solitons  and  polarons  can  be  distinguished 
by  Raman  spectroscopy  [7].  However,  only  a  few  time-resolved  Raman 
experiments  have  been  performed  in  conjugated  polymers  because  of  the 
difficulty  due  to  very  short  lifetime  of  the  excited  states  [8,9].  However,  the 
observed  signals  are  due  to  the  depletion  of  the  ground  state.  New  phonon 
modes  of  excited  states  in  conjugated  polymers  have  not  been  observed  by 
transient  Raman  spectroscopy. 

The  femtosecond  Raman  gain  spectroscopy  was  performed  using  three 
pulses  of  femtosecond  durations  as  shown  in  Fig.  1.  The  1.97-eV  femtosecond 
pulse  was  generated  by  a  colliding-pulse  mode-locked  dye  laser  and  amplified 
by  a  four-stage  dye  amplifier  [1].  The  duration  and  energy  of  the  amplified 
pulse  were  100  fs  and  200!iJ,  respectively.  The  amplified  pulse  was  split  into 
three  beams.  The  first  beam  (pump-1)  generated  excited  states  in  PDA.  A  part 
of  white  continuum  generated  from  the  second  one  was  amplified  by  a  two- 
stage  dye  amplifier.  The  amplified  pulse  has  the  center  photon  energy  of  1.78 
eV  and  the  duration  of  200  fs  and  was  used  for  the  pump  pulse  of  the  Raman 
gain  spectroscopy  (pump-2).  The  probe  pulse  was  white  continuum  generated 
from  the  last  beam.  Using  this  technique  the  time  dependence  and  spectra  of 
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photoinduced  absorption,  bleach¬ 
ing-,  stimulated  emission,  and 
Raman  g-ain  were  observed  at 

the  same  time.  The  Raman  gain  - 

sig-nal  was  distinguished  using  fro 
the  time  dependence  and  sharp  4o'o^* 

structure.  Polarizations  of  the  _ 

three  beams  were  parallel  to  Pum 
oriented  polymer  chains  of  PDA- 

SBCriU  deposited  on  a  KCl  - 

crystal  [5].  .All  the  experiment 
was  done  at  room  temperature. 

Figure  2  shows  Raman  gain 
spectra  obtained  using  the 
1.78-eV  pulse  at  several  delay  Fig.l  Time-resolved  Raman  gain 

times  after  the  1.97-eV  photo-  spectroscopy, 

excitation.  At  -0.5  ps,  two  Raman 

gain  peaks  are  observed  at  1440  and  2060  cm“^.  They  are  assigned  to  the 
stretching  vibrations  of  the  C=C  and  C=C  bonds  in  the  acetylene- like  structure 
of  the  ground  state.  The  spectrum  at  0.0  ps  has  broad  signal  below  the  1440 
cm”^  Raman  peak  down  to  1000  cm~^.  At  delay  time  longer  than  0.2  ps  the 
Raman  signal  has  a  clear  peak  at  1200  cm“^.  The  spectral  change  of  the  Raman 
signal  around  1200  cm~^  is  reproducible  and  is  observed  also  in  PDA-C^UC^. 
The  width  of  the  2060  cm"^  Raman  signal  becomes  slightly  broader  after  the 
photoexcitation,  but  no  new  Raman  peak  is  observed  around  2000  cm"^. 

Figure  3  shows  the  transient  Raman  gain  change  at  1200  and  1440  cm"^. 
The  negative  change  at  1440  cm"^  is  explained  by  the  depletion  of  the  ground 
state  due  to  the  formation  of  STE.  The  time  dependence  is  consistent  with  the 
decay  kinetics  of  the  STE.  The  signal  appears  slightly  slower  than  the  1.97-eV 
pump  pulse  and  decays  within  several  picoseconds.  The  solid  curve  is  the 


Raman  ShifL  (cm^) 

Fig.  2.  .Normalized  resonance  Raman 
gain  spectra  at  several  delay  times 
after  the  1.97-eV  ohotoe.xcitation. 


Fig.  3.  Transient  Raman  gain  changes 
at  1200  cm"^  (open  circles)  and  1440 
cm"^  (closed  circles)  after  the  1.97 
eV  photoexcitation.  The  solid  curves 
are  the  best  fitted  curves  with  time 
constants  of  150  fs  and  1.5  ps.  The 
resolution  time  is  300  fs. 
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best  fitted  curve  using  time  constants  of  150  fs  and  1.5  ps.  The  change  at 
2060  cm"^  is  also  negative  and  has  similar  time  dependence  with  the  1440-cm“^ 
signal.  The  time  dependence  of  the  Raman  signal  at  1200  cm"^  has  two 
components.  The  long-life  component  decays  within  several  picoseconds  and  is 
assigned  to  the  STE.  The  short-life  component  has  time  constant  shorter  than 
the  present  resolution  time  of  300  fs  and  is  probably  due  to  the  nonthermal 
STE,  because  the  1.78-eV  pulse  can  be  resonant  with  the  transition  between 
the  nonthermal  STE  and  the  ground  state. 

The  theoretical  calculation  has  predicted  that  the  localized  excitations 
in  trans-(CH)j^  have  several  Raman  active  phonon  modes  [7].  The  expected 
signal  is  the  reduction  of  the  stretching  vibration  modes  and  new  Raman  lines 
at  lower  frequencies  than  the  stretching  modes.  The  Raman  signal  observed  in 
PDA  is  similar  to  this  feature.  However,  the  phonon  modes  of  the  STE  in  PDA 
have  not  been  investigated.  Here,  the  observed  Raman  frequency  is  compared 
with  stretching  modes  of  center  bonds  in  unsaturated  hydrocarbons  with  four 
carbon  atoms,  i.e.  repeat  units  of  PDA  [10].  The  formation  of  the  STE  in  PDA  is 
expected  to  be  the  geometrical  relaxation  from  the  acetylene- like  structure 
(=CR-C=C-CR=)jj.  to  the  butatriene-like  structure  (-CR=C=C=CR-)jj.  The  C=C  bond 
in  trans-butene-2  (CH3-CH=CH-CH3)  has  a  stretching  mode  with  1675  cm~^, 
while  the  frequency  of  the  C-C  bond  in  trans-1, 3-butadiene  (CH9=CH-CH=CH2) 
is  1202  cm"^.  Therefore,  the  1200  cm"^  Raman  peak  can  be  assignee!  to  the  C-C 
bond  in  the  butatriene-like  structure.  However,  Raman  signal  due  to  the  C=C 
bond  in  the  butatriene-like  structure  cannot  be  observed  in  this  study.  It  can 
be  explained  by  close  frequencies  of  the  stretching  modes  of  the  center  C=C 
bond  in  butatriene  (CH2=C=C=CH2)  and  the  C=C  bond  in  dimetylacetylene  (CH3- 
C=C-CH3),  2079  and  2235  cm~^,  respectively.  The  expected  new  Raman  signal 
near  the  2060  cm“^  peak  cannot  be  resolved  in  this  study  because  of  the 
broad  pump  spectrum. 

In  conclusion,  we  developed  a  new  timr  resolved  Raman  spectroscopy  and 
the  new  Raman  peak  due  to  self-trapped  exciton  in  PDA  has  been  observed  at 
1200  cm“^  for  the  first  time  by  the  femtosecond  time-resolved  Raman  gain 
spectroscopy.  The  observed  Raman  signals  indicate  the  butatriene-like 
structure  due  to  the  formation  of  the  STE  after  the  geometrical  relaxation  from 
the  acetylene- like  structure  in  the  EE  state. 
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Summary 

J-aggregates  of  cyanine  dyes’’  2  are  attracting  interest  of  many  scientists  from  a 
spectroscopic  viewpoint,  because  they  are  expected  to  show  the  crossover  between  the 
macroscopic  properties  of  bulk  materials  and  microscopic  ones  of  isolated  molecules. 

The  mechanism  of  the  femtosecond  nonlinear  response  of  excitons  has  not  yet  been 
studied  on  the  basis  of  the  one-dimensional  Frenkel-exciton  model.  Recently,  the 
transition  from  a  1-exciton  state  to  a  2-exciton  state  was  observed  in  ethyleneglycol/water- 
glass  (EGWG)  by  femtosecond^’  and  picosecond^  pump-probe  spectroscopies.  The 
present  paper  describes  the  first  observation  of  femtosecond  many  exciton  states  in  one¬ 
dimensional  J-aggregates  of  1,1 '-diethyl-2, 2'-quinocyanine  bromide  [pseudoisocyanine 
bromide  (PIC-Br)]  in  EGWG  at  low  temperatures.  The  decay  time  of  the  many-exciton 
state  was  determined  to  be  200  fs. 

Time-resolved  difference  absorption  spectra  of  J-aggregates  in  EGWG  were  measured 
in  the  whole  spectral  region  covering  the  J-band  at  2.18  eV.  The  pump  light  resonant  on 
the  J-band  is  amplified  white  continuum  with  a  300-fs  pulse  dulation.  All  the  experiments 
were  performed  at  20  K.  The  excitation  power  density  at  2.18  eV  was  changed  in  the 
range  between  0.98  GW/cm^  and  0.15  GW/cm^. 

To  analyze  the  complicated  temporal  behavior  of  the  transient  difference  absorption 
spectra  and  to  extract  the  characteristic  spectral  change,  the  time  dependence  of  the 
absorbance  change  was  fitted  with  a  few  exponential  functions.  To  describe  the  absorbance 
change  in  the  whole  spectral  region  by  the  same  functions,  at  least  three  exponential 
functions  with  the  characteristic  time  constants  of  200  fs  (F]-’),  1.5  ps  (r2-*),  and  20  ps 
(F-^-^)  were  needed,  besides  an  instantaneously  responding  component  and  a  long-life 
component  (>>  100  ps). 

There  are  various  models  which  can  explain  the  observed  temporal  behavior 
characterized  by  the  above  three  time  constants.  Here  we  adopted  one  of  the  simplest 
models,  such  that  the  system  relaxes  sequentially  via  three  excited  states  l/>  (i  =  1,  2,  3) 
with  each  relaxation  rate  of  F/  .  Here  the  absorption  spectra  per  unit  population  density  in 
the  three  states  are  defined  as  A,  (/  =  1,  2,  3),  and  stationary  absorption  spectra  per  unit 
population  is  defined  as  Aq.  The  difference  spectra  AA,-  (=  A/  -  2Aq)  multiplied  by  the 
excitation  population  density  p  are  shown  in  Fig.  1  in  the  case  of  the  highest  excitation 
power  density.  The  derivative  shape  with  induced  absorption  at  the  higher  energy  of  the 
bleaching  appears  just  after  excitation,  and  the  zero-crossing  point  shifted  red  within  200 
fs.  Finally  the  signs  of  the  absorbance  chtuiges  at  the  longer  and  shorter  wavelengths  are 
reversed  in  1.5  ps. 

Figure  2-(l)  shows  the  effect  of  exciuition  density  on  the  shape  of  the  AA  i  spectrum. 
In  the  case  of  the  high  intensity  exciituion,  the  rehitive  intensity  of  the  peak  absorbance 
change  is  substttntially  suppressed  ami  the  ttiil  appetirs  in  the  high  energy  side  of  the  peak. 
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In  the  case  of  the  low-power  excitation,  the  transition  from  the  1-  to  2-exciton  state  is 
dominant.  When  the  excitation  power  is  increased,  the  transitions  from  the  n-  to 
exciton  state  with  larger  n  than  2  start  to  contribute  to  the  difference  absorption  spectra. 
Because  the  transitions  from  the  n(>  2)-exciton  states  have  higher  energies  than  that  from 
the  1-exciton,  the  peak  position  of  the  induced  absorption  spectrum  shifted  blue  with  a  tail 
on  the  higher  energy  side  of  the  spectra  in  the  case  of  higher  density  excitation.  The 
absorbance  change  represented  by  the  AAi  is  due  to  the  n(>  2)-exciton  states,  which  are 
concluded  to  be  dominated  by  the  2-exciton  state  from  the  the  estimated  exciton  density.  A 
typical  decay  time  of  the  many-exciton  states  is  about  200  fs. 

Figure  2-(2)  shows  the  intensity  dependence  of  AA2.  In  comparison  with  Fig.  2-(l), 
the  higher  energy  side  of  the  induced  absorption  of  the  high-power  excitation  disappears, 
resulting  in  a  spectral  shape  similar  to  that  of  the  lower  excitation.  Since  the  higher  n- 
exciton  states  decay  much  faster  than  the  1-exciton  states,  AA2  is  mainly  due  to  the 
transition  from  the  1-  to  2-exciton  state.  As  a  result,  the  induced  absorption  from  the  1- 
to  2-exciton  state  is  increased  and  the  zero-crossing  point  shifts  to  the  lower  probe  photon 
energy. 

In  conclusion,  we  observed  the  transitions  from  n-exciton  states  to  (/z+l)-exciton  states 
(n  >  1)  of  one-dimensional  J-aggregates  by  femtosecond  pump-probe  spectroscopy  and 
found  the  decay  time  of  the  n(>  2)-exciton  states  to  be  200  fs. 


C/) 
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Fig.  1:  Difference  absorption  spectra, (1)  pzld,,  (2)  pAA2,  and  (3)  pAAi,,  with  the 
highest  excitation  power  density. 
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Fig.  2:  The  pump  intensity  dependence  of  (1)  AAi  and  (2)  AA^.  Solid  and  broken  lines 
are  obtained  by  high  (0.98  GW/cm^)  and  low  (0.15  GW/cm^)  excitation  power  density, 
respectively.  Dotted  line  shows  the  stationary  absorption  spectrum. 
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In  this  paper  we  report  a  new  type  of  two-legged  amphiphilic  molecule  spacers  1,10- 
bistearyl-4,6,13,15-tetraene— 18— iiitrogencrown-6  (NC),  the  principle  being  that  the  single 
leg  of  the  optical  nonlinear  hemicyanine  derivative  (HD)  (E-N-docosyl-4-(2-(4- 
diethylaminophenyl)ethenyl)pyridinium  bromide  (DAEP))  dye  might  insert  in  the  spacer 
molecules  thus  fasten  the  interleaved  LB  multilayers,  and  improve  the  degree  of  order  & 
structural  stability.  Quadratic  SH  intensity  enhancement  has  been  achieved  up  to  114  layer 
(57  bilayers)  in  the  above  mentioned  LB  multilayers. 

The  chemical  structure  of  the  amphiphilic  hemicyanine  derivative  dye  and  two-legged 
spacer  material  used  in  this  work  are  shown  in  Figure  1. 

The  interleaved  multilayers  were  deposited  on  hydrophilically  treated  glass  slides  at  a 
constant  pressure  of  30mNm*^HD  was  deposited  on  the  firstupstroke  at  a  rate  of  3mm/min 
while  NC  on  the  following  downstroke  at  2mm/min,  the  process  was  repeated  up  to  114 
layers  (57  bilayers). 

SHG  measurements  were  carried  out  using  a  set-up  (seeing  reference  [2]).  By  SHG 
measurement,  we  found  that  the  molecular  hyperpolarizability /3  of  NC  was  less  than  10’^® 
esu  which  was  much  smaller  than  that  of  HD  (lO'^^su),  therefore  the  direct  contribution 
of  NC  to  the  interleaved  multilayers  could  be  safely  excluded. 

The  SH  light  intensity  is  given  by  : 

ch,nt(n^)  2 

According  to  equation  (1),  measured  SH  intensity  should  increase  quadratically  with  1,  or 
number  of  bilayers,  if  the  molecules  in  the  multilayer  form  a  perfectly  aligned  array.  Thus 
a  quadratic  dependence  of  SH  intensity  with  bilayer  number  could  be  consider  as  a  criterion 
for  perfect  degree  of  order  in  LB  multilayers.  Here  we  deposited  up  to  fifty-seven  bilayers 
of  HD  interleaved  with  NC  maintaining  a  transfer  ratio  of  1±0.08  which  was  much  better 
than  pure  HD  Y-type  multilayers  in  the  same  conditions.  Our  measured  data  of  square  root 
of  the  SH  intensity  vs.  bilayer  number  of  HD  interleaved  with  two-legged  NC  are  shown  in 
Figure  2.  The  results  indicate  that  SHG  intensity  increase  quadratically  with  increasing 
bilayer  number  of  up  to  57  bilayers  which  was  considerably  higher  than  the  upper  limit  of 
bilayer  number  (-20)  when  fatty  acid  was  adopted  as  a  spacer  in  the  same  condition'^  -^oth 
perfect  transfer  ratio  and  quadratic  dependence  showed  that  NC  played  a  good  role  of 
spacer  which  improved  degree  of  order  and  enhanced  SHG  intensity  of  LB  multilayers. 

Those  promising  features  could  be  due  to  insertion  of  the  docosyl  tail  of  the  HD  dye 
between  the  open  dioctadecanoyl  legs  of  NC.  A  preliminary  evidence  for  it  has  been 
provided  by  Small-angle  X-ray  Diffraction.  Assuming  the  two  approximately  identical 
densities  did  not  change  too  much  after  molecules  were  deposited  to  glass  substrates,  we 
infer  that  the  above  mentioned  fastening  happened  between  two  species  at  a  ratio  1:1. 


A  non-centrosymmetric  LB  multilayer  structure  has  been  fabricated  by  interleaving  an 
optically  active  component  (HD)  with  an  inert  spacer  (NC)  having  an  appropriate  molecular 
geometry  to  fasten  the  bilayer.  The  NC  molecule  has  attractive  features  as  an  spacer  in 
fabrication  of  LB  multilayers  made  from  many  optically  nonlinear  materials  with 
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hydrophobic  long  tails.  Quadratic  SHG  dependence  has  been  realized  in  such  multilayer 
systems. 
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Figure  1.  Molecular  structureof  (a)  140-bistearyl--4.6,U45-tetraeue.-18--uitrogeucrcu™.-6^ 

(NC)i  (b)  E-N-<iocosjl-4-(2-(4-diethylaminopheiiyl)etbeDyl)pynciinium  bromide,  (H 


Number  of  Bilayers 


Figure  2.  Square  root  of  the  second  harmonic  intensity  versus  bilayer  number  for 
interleaved  Y-type  LB  multilayers 
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Nonlinear  Optical  Properties  and  Poling  Dynamics  of  a  Side-ChainPolyimide/Disperse-Red  Dye 
Film:  In  Situ  Optical  Second-Harmonic  Generation  Study 

J.Y.  Huang.  C.L.  Liao,  C.J.  Chang,  W.T.  Whang 
Chiao  Tung  University,  Tiawan,  R.O.C. 


Nonlinear  optical  (NLO)  polymers  are  advantageous  over  inorganic  crystalline  materials  in 
several  aspects^  and  have  found  interesting  applications  such  as  modulators,  switches,  and  more 
recently  as  photorefractive  devices.  However,  the  second-order  NLO  response  of  the  materials, 
which  is  created  by  an  electric  poling  process,  decays  as  time  lapses.  For  the  use  of  an  electro¬ 
optic  device,  it  is  highly  desirable  to  keep  the  NLO  response  in  an  infinitely  long  period.  But  for 
the  photorefractive  applications,  a  fast  response  of  the  orientational  distribution  of  NLO 
molecules  to  an  electric  field  is  more  important.^  For  both  cases,  the  orientational  distribution 
and  its  response  to  an  electric  field  convey  valuable  information  of  the  polymeric  materials.  In  this 
report,  we  will  show  that  probing  the  orientational  distribution  of  NLO  molecules  during  the 
poling  process  provides  insight  of  the  thermal  stability  of  NLO  response  and  the  underlying 
interaction  between  the  polymer  and  NLO  molecules. 

Two  types  of  aromatic  polyimide  films,  poly(pyromelliticdianhydride)-DR  19  (abbreviated 
as  PMDA-DR  19,  Tg  ~  110°C)  and  poly(pyromelliticdianhydride)-4,4'-diaminodiphenyl  ether-DR 
1  (abbreviated  as  POA-DR  1,  Tg  ~  165°C),  were  used  in  this  study.  During  the  poling,  we 
measured  the  second-harmonic  (SH)  signal,  temperature,  and  electric  field  across  the  film 
simultaneously.  Fig.  1  shows  the  results  of  the  SH  measurement,  Ip_yp,  as  a  function  of  the  film 
temperature.  The  averaged  polar  angle  of  NLO  molecules  can  be  deduced  from  the  ratio  of  Ip^p 
and  Is_>p  and  the  result  is  depicted  in  Fig.  2  for  PMDA-DR  19.  The  polar  angle  was  found  to 
change  irregularly  as  the  film  was  heated  (see  the  open  symbols  in  Fig.  2).  It  was  attributed  to  the 
appearance  of  randomly  distributed  potential  wells  inside  a  fresh  prepared  polymer.  After  the 
polymer  was  kept  at  the  poling  temperature  for  a  sufficiently  long  period  and  then  was  cooled 
down  to  room  temperature,  the  polar  angle  of  the  DR  19  molecules  varied  smoothly  with  the 
temperature  (filled  squares).  It  is  interesting  to  note  that  the  polar  angle  levels  off  to  a  constant 
when  the  temperature  decreases  below  the  glass  transition  point,  which  clearly  indicates  that  the 
result  be  caused  by  the  global  motion  of  polymer  chains.  Similar  phenomena  were  observed  for 
POA-DR  1. 

The  NLO  response  and  thermal  stability  of  the  polymers  critically  depend  on  the  duration 
of  the  highest  poling  temperature.  An  IR  absorption  measurement  indicates  that  chemical 
reactions  between  functional  groups  on  the  polymer  chains  occur,  which  reduce  the  cavity  volume 
around  the  NLO  molecules  and  thus  improve  the  thermal  stability.  By  using  the  information  of 
poling  dynamics,  an  optimum  poling  procedure  was  devised.  Above  Tg,  the  temperature  variation 
of  Ip_).p  measured  with  a  long  poling  film  closely  matches  with  the  calculated  result  from  a  simple 
free  rotor  model  which  the  thermal  fluctuation  and  the  alignment  strength  of  the  poling  field  are 
taken  into  account  (see  the  dashed  curves  in  Fig.  3).  The  agreement  is  less  satisfactory  for  the 
sample  with  a  shorter  poling  time  since  the  chain  motion  in  the  short  poling  film  is  significantly 
larger  than  the  long  poling  sample.  The  large  discrepancy  below  Tg  originates  from  the 
interaction  between  the  polymeric  matrix  and  NLO  molecules,  which  is  not  taken  into  accounted 
in  this  simple  model.  We  also  added  epoxy  into  PMDA-DR  19  to  control  the  glass  transition 
temperature  and  then  investigated  the  kinetics  of  the  thermal  decay  of  NLO  response.  The  kinetic 
parameters  deduced  were  found  to  correlate  well  with  the  poling  dynamics. 
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No.  NSC82-0208-M-009-037 


T26 


References 

1 .  G.  T.  Boyd,  Polymers  for  Nonlinear  Optics,  in  Polymers  for  Electronic  and  Photonic 
Applications,  ed.  C.  P.  Wong,  pp.  467-506,  Academic  Press,  Inc.  (San  Diego,  1993). 

2.  W.  E.  Moemer  etal,  J.  Opt.  Soc.  Am.  B,  Dec.  1993. 

Figure  Captions 

Fig.  1  The  second-harmonic  (SH)  intensity,  Ip_>p(2oc)),  is  plotted  as  a  function  of  the  temperature 
of  PMDA-DR  19  during  the  corona  poling.  The  heating  data  are  indicated  by  open  squares  and 
the  cooling  by  filled  symbols. 

Fig.  2  The  polar  angle  of  the  NLO  dye  molecules  in  PMDA-DR  19  during  the  heating  (open 
symbols)  or  cooling  (filled  squares)  process  of  the  corona  poling. 

Fig.  3  Ip^p(2o)  versus  the  temperature  of  PMDA-DR  19  at  the  cooling  process  of  the  corona 
poling.  The  film  was  kept  at  the  poling  temperature  for  30  minutes  (bottom)  or  120  minutes  (up). 
The  dashed  lines  are  the  theoretical  curves  calculated  from  a  simple  free  rotor  model. 
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Nonlinear  Optical  Studies  of  the  Molecular  Structure  in  CH^OH/HjO  and 
MP30  CHjCN/HjO  Binary  Liquid  Mixtures 

J.Y.  Huang.  M.H.  Wu,  Chiao  Tung  University,  Tiawan,  R.O.C.;  Y.R.  Shen,  University  of  California,  Berkeley,  CA 

Hydrogen  bonding  liquids,  such  as  methanol  and  water,  exhibit  peculiar  thermodynamic 
behaviors.  These  liquids  as  well  as  the  binary  mixtures  are  important  solvents  and  relevant  to 
many  chemical  and  biochemical  processes  appeared  in  our  daily  living.  Unfortunately,  our 
understanding  of  these  liquid  systems  are  rather  poor  owing  to  the  lack  of  suitable  techniques  with 
which  the  molecular  structure  can  be  probed.  In  the  past,  the  structural  information  of  liquids  was 
obtained  indirectly  by  the  measurements  of  thermodynamic  quantities.  We  will  show  in  this  report 
that  important  structural  information  of  liquids  can  be  deduced  by  use  of  third-harmonic 
generation  (THG)  and  infrared-visible  sum-frequency  generation  (IVSFG). 

Fig.  1  shows  the  measured  THG  susceptibility  (Xm  )  of  CH3OH/H2O  versus  the  mole 
fraction  of  methanol  (cj.  The  THG  susceptibility,  which  has  been  normalized  with  that  of  fused 
silica,  exhibits  a  nonlinear  dependence  on  Cj^.  Since  Xm  oan  be  expressed  in  terms  of  the  THG 
susceptibility  of  water  (Xw )  and  methanol  (Xm  )  as 

~  Zm  ~  Zw 

thus  the  nonlinear  behavior  of  Xt  on  indicates  that  both  Xm  and  Xw  concentration 
dependent.  Considering  that  the  correlation  length  of  liquid  molecules  in  CH3OH/H2O  is  much 
shorter  than  the  excited  area,  the  observed  concentration  dependence  must  be  caused  by  the 
different  strength  of  hydrogen  bonding  experienced  by  the  liquid  molecules  as  they  are  mixed.  A 
simple  molecular  model  based  on  the  hydrogen  bonding  strength  will  be  proposed  to  explain  the 
features  observed  in  the  measured  THG  susceptibility.  By  applying  IVSFG  to  the  liquid  surface, 
the  orientational  order  of  methanol  molecules  at  the  liquid/vapor  interface  was  found  to  increase 
as  the  surface  methanol  molecules  were  hydrated.  Similar  IVSFG  results  were  also  reported  by 
Laubereau  et  al.  ^  previously. 

We  also  studied  CH3CN/H2O  with  THG  technique  (see  Fig.  2).  Different  behavior  from 
that  of  CH3OH/H2O  was  observed.  Within  our  experimental  accuracy,  Xt  of  the  CH3CN/H2O 
mixture  was  found  to  linearly  depend  on  the  mole  fraction  of  acetonitrile  (c^  )  when  Cy^>0.3.  But 
abrupt  change  was  observed  at  ~  0.3.  This  change  can  be  attributed  to  a  phase  separation  of 
the  binary  solution  into  acetonitrile  rich  and  water  rich  regions^  when  there  is  a  significant  amount 
of  acetonitrile  in  the  solution.  By  applying  IVSFG  to  the  liquid/vapor  interface  of  CH3CN/H2O, 
Eisenthal  et  aO  observed  sudden  structural  change  at  the  liquid/vapor  interface  at  ~  0.07.  The 
asymmetric  interaction  experienced  by  the  surface  acetonitrile  molecules  is  considered  to  be  the 
major  cause  of  the  less  acetonitrile  molecules  being  needed  for  the  structural  change  at  the  liquid/ 
vapor  interface. 
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Figure  Captions 

Fig.  1  Measured  THG  susceptibility  of  methanol/water  mixture  as  a  function  of  the  mole  fraction 
of  methanol.  The  data  of  THG  susceptibility  are  normalized  with  that  of  fused  silica  glass. 

Fig.  2  Enhancement  of  the  orientational  order  of  methanol  molecules  at  the  liquid/vapor  interface 
of  CH3OH/H2O  versus  the  mole  fraction  of  methanol.  The  curve  is  deduced  from  the  fit  of  the 
measured  IVSFG  susceptibility  of  the  symmetric  stretch  of  the  methyl  group  (v  ~  2830  cm"^)  to  a 
theoretical  formula  for  the  effective  surface  susceptibility. 

Fig.  3  Measured  THG  susceptibility  of  acetonitrile/water  mixture  as  a  function  of  the  mole 
fraction  of  acetonitrile.  The  THG  susceptibility  data  are  normalized  with  that  of  fused  silica  glass. 
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Piezodectric  Optical  Nonlinearities  in  Strained  [111]  InGaAs-GaAs 
Multiple  Quantum  Wdl  p-i-n  Structures 


Arthur  L.  Smirl,  X.  R.  Huang,  D.  R.  Harkai,  A.  N.  Cartwright  and  D.  S.  McCallum 
Centa"  for  Laser  Science  and  Engineering,  100  lATL,  Univasity  of  Iowa,  Iowa  City,  LA  52242 

Tel.  (319)335  3460 
and 

I.  L.  Slnchez-Rojas,  A.  Saceddn,  F.  Gonz^lez-Sanz,  E.  Calleja  and  E.  Munoz 
Dpto.  Ing.  Electrdnica,  ETSI  Telecomunicaci6n,  Univ.  Polit&nica  de  Madrid,  Ciudad  Universitaria, 

28040-Madrid,  Spain. 
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Strained  multiple  quantum  well  (MQW)  structures  composed  of  zincblende  matoials  grown  on 
substrates  aiented  in  directions  other  than  [100]  are  attractive  for  a  number  of  novel  nonlinear  q)tical  and 
electronic  device  applications  because  of  the  presence  of  large  piezoelectric  fields  along  the  growth  directions.  F(x 
example,  strain-induced  piezoelectric  fields  in  such  structures  have  been  exploited  to  prahice  sdf-dectro-<ptic 
effect  devices  (SEEDs)  that  exhibit  a  blue  shift  with  applied  voltage  and  that  consequently  have  a  lower  switching 
voltage.'  In  addition,  improved  perfcrmance  has  been  predicted  fcr  piezoelectric  electronic  devices  such  as 
HEMTs.^  Full  exploitation  of  strained  piezoelectric  MQWs,  however,  dqtends  on  a  mcxe  through 
understanding  of  the  band  structure,  carrier  dynamics,  and  nonlinear  optical  processes  in  these  materials.  Thus 
far,  the  existence^  and  screening'*  of  these  piezoelectric  fields  have  been  demonstrated,  and  the  steady-state 
nonlinear  optical  response  of  piezoelectric  MQWs  has  been  shown^’^  to  be  an  orda:  of  magnitude  larga-  than  that 
nteasured  in  similar  structures  grown  in  the  [100]  directioa  Most  recently,®  by  comparing  the  transient  and 
steady-state  differential  transmission  spectra,  we  have  demonstrated  that  the  larger  steady-state  response  for 
[1 1  l]-<xiented  MQWs  is  caused  by  carrier  accumulation  over  the  longer  (density-dq)endent)  liMime  for  such  a 
sample  and  that  it  is  not  the  result  of  a  larger  nonlinear  optical  cross  sectioa 

Here,  we  provide  the  first  temporal  and  spectral  resolution  of  the  q)tlcal  nonlinearities  associated  with 
the  saeening  of  the  built-in  fields  in  p-i(MQW)-n  structures.  Moreover,  we  demonstrate  that  the  nature  and 
magnitude  of  the  nonlinear  optical  response  and  the  carrier  dynamics  in  such  structures  dq)end  critically  on  the 
band  structure  and  that  simple  changes  in  the  band  structure  can  make  dramatic  changes  in  both.  We  do  this  by 
embedding  strained  [1 1  l]-oriented  InGaAs-GaAs  MQWs  in  the  intrinsic  region  of  a  p-i-n  structure  such  that  the 
p-i-n  field  opposes  the  piezoelectic  field.  We  then  show  that,  by  simply  doubling  the  barrier  thickness  in  one  of 
two  otherwise  identical  p-i(MQW)-n  structures,  we  can  transfcrm  the  nonlinear  response  associated  with  a  blue 
shift  into  one  associated  with  a  red  shift. 

The  distinctly  different  band  structures  of  the  two  samples  are  shown  schematically  in  the  ins^  Figs,  la 
and  2a.  In  addition,  (toaU  of  a  single  period  of  each  QW  structure  is  provided  in  inset  Figs,  lb  and  2b.  Each 
sample  contains  ten  10-nm-wide  Ino.15Gao.85As  quantum  wells  that  are  sqtarated  by  GaAs  barriers.  In  one  sample 
(#279)  the  barriers  are  15  nm  wide,  whereas  in  the  other  sample  (#280)  the  barria-s  are  30  nm  wicte.  In  each 
sample,  the  QWs  are  clad  on  both  sicks  by  undcped  GaAs  spacer  layas  with  thicknesses  ctosen  to  make  the  total 
thickness  of  each  intrinsic  region  570  nm.  Both  samples  were  grown  on  n+  doped  [lll]B-oriented  substrates. 
Finally,  a  300-nm-thick  p+  GaAs  cap  layer  was  grown  to  complete  the  p-i-n  structure.  The  n-i-  and  pc-  doping 
concentration  was  sufficiently  large  (>2  x  lO'*  cm'^)  to  allow  a  built-in  potential  of  -1.4  V  to  form  between  the 
dcped  regions  in  each  sample  without  compMely  depleting  the  doped  regions.  The  samples  did  not  have 
electrodes  applied  and  were  not  connected  to  any  external  potential.  The  piezoelectric  fidd  in  the  wells  was 
estimated  to  be  -215  kV/cm.  Because  of  the  crientation  of  the  substrate  and  the  locations  of  the  cfcped  regions, 
the  piezoelectric  field  points  in  the  cpposite  direction  to  the  built-in  p-i-n  electric  field.  The  cksign  of  sample  #279 
is  such  that  the  accumulated  decrease  in  potential  over  the  entire  MQW  region  due  to  the  piezoelectric  field  is 
greater  than  the  accumulatal  increase  due  to  the  pi-n  field.  As  a  result,  the  net  potential  change  is  negative  ova 
the  MQW  region,  resulting  in  a  local  potential  minimum  for  electrons  at  the  end  of  the  MQW  region  nearer  the 
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p+  region  and  a  local  potential  minimum  fcr  boles  at  the  eai  of  the  MQW  r^on  iKarer  the  n+  r^on.  By 
contrast,  in  sample  #280,  the  barriers  widths  are  increased  to  sisiire  tte  q}posite  coiKlitioas.  That  is,  the  (feign 
is  such  that  the  accumulated  decrease  in  potential  asscxaated  with  the  piesDdectric  field  is  approximately  e(^al  to, 
but  slightly  less  than,  tte  accumulated  increase  due  to  the  p-i-n.  In  the  latta"  case,  tte  ava'age  potenbal  in  the 
MQW  region  is  approximately  flat  and  tee  is  no  local  minimum  in  the  average  potential  fe  the  de:trons  cx 
holes  immediately  adjacent  to  the  MQW  regioa  Finally,  as  a  refarence,  a  third  sample  was  grown  with  the  same 
structure  as  sample  #280  excq5t  that  it  was  grown  on  a  [lOOj-odented  substrate.  This  sample  (#280R)  contains 
no  piezoelectric  field 


Fig.  1  Absorption  coefficient  change.  Act,  of  p-i-n  279  plotted  as  a  function  of  wavdength  for 
sdected  probe  ddays  at  a  pun^  fluence  of  3  pJ/cm^.  The  insets  show  the  bandstructures  of  (a) 
the  unexcited  sample,  (b)  a  single  quantum  wdl  paiod  and  (c)  the  sample  after  photoexdtatioa 

The  changes  in  absorption  coefficient  for  each  of  these  three  samples  was  measured  as  a  function  of 
time,  of  wavdength,  and  of  exdtation  levd  using  a  tunable,  cavity-dumped  CW  moddocked  dye  laser  that 
produced  pulses  of  3.2  ps  (FWHM)  at  a  147  kHz  rqtdition  rate  (~7  ps  between  pulses).  The  abs(xption  changes 
wae  extracted  from  diffaenfial  transmission  measuremaits,  in  which  a  weak  probe  beam  was  used  to  measure 
the  change  in  transmission  induced  by  a  pump  beam 

Sevaal  representative  spectra  f(x  sample  #279  are  showm  in  Fig  1  for  sdected  tune  ddays  between 
pump  and  probe  pulses.  (The  sample  tempaature  was  80  K  fcr  all  data  to  be  discussed  here.)  Sevaal  features 
are  of  note.  First,  we  comment  that  the  curve  labded  7  ps  was  obtained  by  acquiring  the  Aa  spectrum  with  the 
probe  arranged  to  arrive  50  ps  before  the  pump,  which  corr^ponds  to  7  ps  afia  the  previous  pun^  pulse.  This 
Aa  spectrum  is  indicative  of  a  blue-shifted  exciton,  and  it  rqffsents  the  accumulatai  (quasi-steady-state)  change 
induced  by  the  previous  pump  puls«.  This  accumulated  background  (or  bias)  must  be  taten  into  account  when 
performing  liite  shape  analyses  on  the  remaining  spectra.  When  this  is  done,  the  ote  spectra  (as  wdl  as  those 
not  stown)  are  consistent  with  the  following:  Immediatdy  following  the  pump  (2  ps),  the  Aa  spectrum  consists 
of  a  small  pc^itive  lobe  followed  by  a  large  negative  lobe,  ctmsistent  with  a  bleaching  of  the  already  blue-shifted 
excitons  as  (arriers  are  photogenerated  in  tlK  wells.  The  bleaching  component  then  gradually  decays  as  earners 
escape  from  the  weUs  and  drift  to  screen  the  ela:tric  fidd  experienced  by  the  quantum  wdls  or  as  they  eventually 
recombine.  As  dq^icted  in  the  inset  Fig.  Ic,  the  photogaierated  carriers  accumulate  in  the  local  potential  minima 
at  the  ends  of  the  MQW  regions  until  this  region  is  on  the  average  flat  The  carriers  in  this  location  screen  the 
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MQWs,  but  not  the  undcped  intrinsic  layers,  therd)y  reducing  the  dectric  fidd  experiaiced  by  each  QW  and 
causing  a  blue  shift  of  the  exdton.  These  spatially-separated  carriers  recombine  notvexpoientially  c®  very  long 
time  scales,  as  evidaKed  by  the  remaining  absorbance  change  at  7  ps. 

Similar  results  for  sanqtle  #280  are  shown  in  Rg.  2.  The  interpretations  and  the  carrier  cfynamics  are 
similar  to  those  discussed  in  conjunction  with  Fig.  1  with  the  following  significant  excqitions:  In  sample  #280, 
photoexdtation  produces  a  definite  red  shift,  in  direct  contrast  to  the  blue  shift  observed  in  #279.  As  the  electrons 
and  holes  escape  the  wdls,  they  drift  to  the  dqied  r^ons  as  depicted  in  the  inset  Rg.  2c.  Consequently,  by 
conqtarison  to  Rg.  Ic,  these  carriers  screen  both  the  MQWs  and  the  undcped  intrinsic  layers,  increasing  the 
dectric  fidd  experienced  by  the  QWs  and  causing  a  redshift  of  the  exdtim.  Finally,  notice  that  the  peak  nonlinear 
response  arising  fl-om  screaiing  in  this  sanqtle  is  half  that  of  the  previous  san^tle. 


Fig.  2  Absorption  coeffident  change.  Act,  of  p-i-n  280  plotted  as  a  function  of  wavdength  for 
sdected  probe  ddays  at  a  pump  fluence  of  3  pJ/cm^.  The  insets  show  the  bandstructures  of  (a) 
the  unexcited  sanple,  (b)  a  single  quantum  wdl  period  and  (c)  the  sanqtle  after  photoexdtatioa 

Detailed  line  shape  analyses  confirm  that  our  results  are  consistent  with  the  above  qualitative 
interprdation  and  are  consisteit  with  the  baixl  structure  assumed  here.  We  en^hasize  that  a  siir^ile  doubling  of 
the  barrier  width  in  one  of  two  otherwise  identical  sanities  with  exposing  built-in  Adds  converted  a  blue  shift  to  a 
red  shift,  changed  the  location  where  the  carriers  tend  to  accumulate,  and  modified  the  magnitude  of  the  response. 
This  exanple  illustrates  the  flexibility  in  tailoing  the  nemlinear  optical  response  of  such  structures. 
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We  report  here  on  a  novel  NLO  material  and  a  new  approach  to  an  implementation  of 
tunable,  very  narrow  band,  wavelength  filtering  and  wavelength  recognition  based  on  the  time 
response  of  an  optical  nonlinearity.  The  approach  makes  possible  some  important  new  optical 
devices  for  wavelength  division  multiplexing  and  is  based  on  a  new  optical  nonlinearity:  a 
optically  induced  birefringence  sensitive  to  the  intensity  and  polarization  of  the  optical  signal. 

The  proposed  wavelength  filtering  can  best  be  understood  by  considering  a  four-wave 
mixing(FWM)  interaction  in  an  NLO  medium  with  a  finite  time  response,  x.  The  configuration  is 
shown  in  Fig.  1.  An  input  composed  of  several  optical  wavelengths,  or  equivalently  frequencies 
(0j,..a)j...t0j^,  interacts  with  two  local  pump  beams  at  frequency  cop,  Ep  and  Ep.  An  NLO 
grating  is  written  by  Ej  and  Ep  and  the  FWM  interaction  deflects  pump  Ep  into  me  output  port 
only  if  the  frequency  coj,  such  that  coj-<Op<l/x,  is  present  in  the  input.  The  deflected  beam,  Eq 
is  frequency  shifted  into  coj  and  contains  any  modulation  which  might  be  on  the  input  Ej.  The 
FWM  interaction  thus  filters  from  the  input  a  band  of  wavelengths  centered  around  A,p.  The  filter 
bandwidth,  A(»=l/x,  is  determined  by  the  time  response  of  the  nonlinear  optical  medium  used  to 
affect  the  nonlinear  interaction.  In  the  conventional  FWM  configuration,  the  input,  pumps,  and 
the  deflected  output  propagate  in  different  directions  and  therefore  the  various  beams  are  easily 
isolated  on  the  basis  of  their  direction  of  propagation. 


Fig.  1.  Wavelength  filtering  based  on  a  FWM  interaction. 

For  the  implementation  of  a  wavelength  filter  suitable  for  practical  applications  there  are 
significant  advantages  in  using  an  integrated  optics  approach  because  of  the  increased  optical 
intensities,  large  interaction  lengths,  and  ease  of  integration  into  optical  systems.  A  desirable 
filter  would  also  have  a  bandwidth  in  the  gigahertzs  (AA,~0.1  A)  range  and  hence  would  require  a 
NLO  medium  with  a  time  response  in  the  sub-nanosecond  range.  The  integrated  optics 
implementation  implies  a  collinear  interaction  in  a  waveguide  and  therefore  does  not  allow  the 
separation  of  the  beams  by  direction  of  propagation,  as  is  done  in  a  typical  FWM  configuration. 
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To  isolate  the  desired  output,  Eq,  from  the  pump,  Ep,  in  a  collinear  configuration  we 
propose  to  use  a  medium  with  nonlinear  birefringence  sensitive  to  the  intensity  and  polarization 
of  the  optical  signals,  i.e.  nonlinear  polarization-dependent  birefringence.  In  this  medium  the 
TM  intensity  would  change  the  TM  index  more  than  it  would  change  the  TE  index  and  vice 
versa.  In  such  a  medium,  shown  in  Fig.  2  the  interfering  copropagating  pump,  Ep,  and  the  signal, 
Ej,  produce  a  total  polarization  vector  rotating  at  Q=C0p-C0j.  This  produces  a  waveplate 
oscillating  at  Q,  which  is  somewhat  analogous  to  the  grating  in  Fig.  1 .  The  counterpropagating 
pump,  Ep,  reads  the  waveplate  and  as  a  result,  in  addition  to  the  usual  frequency  shift,  this 
medium  rotates  the  polarization  of  the  counterpropagating  pump,  Ep.  The  angular  deflection  of 
Fig.  1  is  replaced  by  the  rotation  of  polarization  in  Fig.  2.  The  rotation  of  polarization  in  a 
collinear  configuration  allows  one  to  separate  the  generated  output,  Eq,  from  the  pump  based  on 
polarization. 


Fig  2  .  Wavelength  filtering  in  a  collinear  configuration.  The  generated  sidebands,  Eq,  of 
the  pump  Ep  are  separated  from  the  pump  Ep  on  the  basis  of  polarization. 

To  implement  the  above  concept  one  requires  a  medium  with  the  appropriate  response  time 
and  nonlinear  polarization-dependent  birefringence.  We  have  therefore  investigated  this  NLO 
effect  in  a  novel  semiconductor  gain  medium  based  on  strained  quantum  wells.  In  general,  the 
semiconductor  gain  medium  has  an  ideal  response  time  for  filtering  (~0.2ns),  which  leads  to 
0.3  A  bandwidth,  and  has  been  demonstrated  as  a  very  efficient  FWM  medium  [1].  The  nonlinear 
effect  is  the  gain  saturation  which  in  semiconductors  also  produces  an  index  change  due  to  a 
linewidth  enhancement  factor. 

The  particular  medium  has  recently  been  demonstrated [2]  and  used  to  implement  two 
polarization  lasers  [2]  and  polarization  insensitive  amplifiers[3].  The  gain  medium  consists  of 
compressive  and  tensile  strain  quantum  wells(T/C  QW)  and  can  be  thought  of  as  two  separate 
but  inter-dependent  sources  of  optical  gain.  The  compressively  strained  wells,  with  the  heavy 
holes  occupying  the  lowest  energy  level  in  the  valence  band,  serve  as  the  main  source  of  TE 
gain.  The  tensile  strain  wells,  where  the  light  holes  are  in  the  lowest  valence  level,  split  their 
gain  as  3/4  TM  and  1/4  TE  and  therefore  provide  the  sole  source  of  TM  gain.  The  interaction 
of  light  holes  with  both  polarizations  determines  the  minimum  possible  coupling  between  the 
sources  of  TE  and  TM  gains,  whereas  the  coupling  of  carrier  densities  in  the  different  wells  [4] 
determines  the  actual  amount  of  cross-coupling  between  the  gains.  The  coupling  of  the  carrier 
densities  in  the  wells  occurs  due  to  a  finite  carrier  escape  rate  from  the  wells.  The  polarization 
resolved  gain  saturation  properties  of  the  medium  have  been  analyzed[4]  and  tailored  for  an 
implementation  of  a  wavelength  converter  [5,  6].  The  effective  nonlinear  polarization-dependent 
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birefringence  of  the  medium  results  from  differential  saturation  of  the  two  gains  and  therefore 
depends  on  the  cross-coupling.  Low  cross-coupling  results  in  high  birefringence.  The  amount 
of  cross-coupling  depends  on  placement,  structure  and  operating  condition  of  the  quantum  wells 
in  the  amplifier  and  therefore  can  be  somewhat  tailored  for  a  given  application. 

We  have  experimentally  investigated  and  demonstrated  the  NLO  waveplate  due  to 
nonlinear  polarization-dependent  birefringence  in  an  InGaAsP  T/C  QW  amplifier  at  1.319  |im  as 
shown  in  Fig.  3.  The  input  beam  is  a  linearly  polarized  beam  at  10°  off  the  TM  axis  and  is 
intensity  modulated  at  frequency  /.  The  large  TM  component  preferentially  saturates  the  TM 
gain  and  changes  the  TM  index  due  to  the  polarization  sensitive  saturation.  This  creates  a 
waveplate  oscillating  at/  which  is  read  by  the  intensity  modulated  input.  The  output  contains  a 
component  polarized  at  90°  and  modulated  at  If.  This  component  is  the  product  of  the  input 
beam  modulated  at  /,  and  the  medium  birefringence,  which  is  also  modulated  at  /.  The 
amplitude  of  the  orthogonal  component  at  If  is  a  measure  of  the  NLO  waveplate.  We  have 
observed  the  intensity  induced  waveplate  and  measured  up  to  1 .45  radians  of  birefringence 
when  optical  resonance  effects  in  the  amplifier  enhanced  the  effect.  The  measurements 
demonstrate  this  new  NLO  effect  and  the  analysis  shows  how  the  effect  can  be  increased  by 
designing  the  amplifying  medium  to  further  isolate  the  TM  and  TE  gain  saturation. 


Fig.  3.  Schematic  of  the  experimental  setup  used  to  measure  the  nonlinear  polarization- 
dependent  birefringence 
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Wavelength  conversion  is  recognized  as  an  important  function  in  future  fiber  networks  employing  wave¬ 
length  division  multiplexing.  We  have  recently  demonstrated  broad-band  wavelength  conversion  over  spans 
as  large  as  27  nm  [1,  2],  Our  approach  uses  ultra- fast  four- wave  mixing  dynamics  associated  with  intraband 
relaxation  mechanisms  in  semiconductor  traveling- wave  amplifiers  (TWA’s).  In  this  paper  we  present  new 
results  showing  conversion  over  wavelength  spans  as  large  as  65  nm.  This  surpasses  the  previous  record  by 
over  a  factor  of  two.  Of  equal  importance,  we  also  verify  experimentally  our  previous  theoretical  prediction 
that  wavelength  conversion  efficiency  varies  as  the  cube  of  TWA  single  pass  gain. 

In  the  course  of  our  previous  work  [2],  we  have  shown  that  the  theoretical  efficiency,  r],  of  this  process 
can  be  expressed  by  the  simple  relation: 


7?  =  3G -I- 2P -I- i7( AA) 

where  77  is  the  ratio  in  dB  of  the  converted  signal  output  power  to  the  signal  input  power  and  G  is  the 
single  pass  TWA  optical  gain.  A  crucial  point  is  the  presence  of  3G  in  this  expression  -  essentially,  the 
wavelength  converter  uses  the  available  TWA  optical  gain  three  times.  We  verified  this  expression  using  an 
experimental  setup  similar  to  that  described  in  [2] .  Tunable,  single- frequency,  erbium  fiber  ring  lasers  were 
used  as  pump  and  signal  sources  and  TWA  devices  used  contained  tensile-strained  mutli-quantum  well  active 
layers  described  in  [3].  Figure  1  shows  conversion  efficiency  data  plotted  versus  single-pass  saturated  optical 
gain.  The  pump  power  was  -5.2  dBm  and  the  signal  power  was  -11.3  dBm.  The  measured  slope  of  3.18 
confirms  the  cubic  dependence  of  efficiency  on  single  pass  gain. 


Gain  (dB) 


Figure  1:  Measured  conversion  efficiency  versus  saturated  single-pass  TWA  optical  gain,  showing  cubic 
dependence  of  efficiency  on  gain. 
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Other  parameters  appearing  in  the  above  equation  include  the  input  optical  pump  wave  power  P  (ex 
pressed  in  dBm),  and  a  quantity  we  call  the  relative  efficiency  function,  R{AX).  The  relative  efficiency 
function  contains  information  on  the  intraband  dynamics  responsible  for  wide-band  four-wave  mixing.  By 
using  a  tandem  geometry  amplifier  (i.e.,  two  low  gain  amplifiers  in  series,  separated  by  an  optical  isolator), 
it  was  possible  to  measure  i?(AA)  for  wavelength  shifts  as  large  as  65  nm.  Data  for  positive  and  negative 
wavelength  shifts  are  presented  in  figure  2.  It  is  important  to  note  that  figure  2  is  not  the  actual  conversion 
efficiency,  tj,  which  is  a  vastly  larger  number,  because  of  its  dependence  on  amplifier  gain,  G  (in  dB),  and 
pump  power,  P  (in  dBm).  Once,  however,  R{AX)  is  measured,  the  requirements  on  these  other  quantities 
for  specific  conversion  efficiencies  are  known.  Based  on  the  above  data,  figure  3  shows  the  TWA  single-pass 
gain  required  for  lossless  wavelength  conversion  versus  the  desired  wavelength  shift.  The  four-wave  mixing 
pump  power  assumed  in  this  calculation  is  a  modest  -9  dBm.  Because  of  the  cubic  gain  dependence  verified 
here,  it  can  be  seen  that  100%  efficiency  is  attainable  for  wavelength  shifts  as  large  as  65  nm  with  optical 
gains  in  the  range  of  30  dB. 


Wavelength  Shift  (nm) 

Figure  2:  Measured  relative  conversion  efficiency  function,  f?(  A  A),  versus  wavelength  shift.  Note:f?(AA)  is 
not  the  actual  conversion  efficiency  (see  equation  in  paper). 
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Figure  3:  Single  pass  TWA  optical  gain  required  for  lossless  wavelength  conversion. 
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Due  to  the  limited  single  pass  optical  gain  of  the  tandem  converter  tested  here  (18.9  dB),  lower  efficiencies 
were  observed.  Figure  4  shows  the  measured  efficiency  versus  wavelength  down-shift  for  a  pump  power  of 
-7.0  dBm.  Despite  the  reduced  gain,  significant  wavelength  shifts  with  high  efficiency  are  possible  (e.g.,  -12 
dB  for  10  nm  of  shift).  These  values  are  already  sufficient  for  certain  system  applications. 

This  work  is  sponsored  by  the  Office  of  Naval  Research  (N00014-91-J-1524) 


Wavelength  Shift  (-nm) 

Figure  4:  Measured  wavelength  conversion  efficiency  versus  wavelength  downshift  for  a  pump  power  of  -7.0 
dBm. 
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In  the  last  fifteen  years,  quantum  confined  semiconductor  structures 
(QCSS)  have  attracted  much  attention  because  of  their  novel  properties  and 
their  potential  for  electronic  and  photonic  applications  [1].  Electronic  and 
optical  properties  of  QCSS  are  dominated  by  the  combined  effects  of  quantum 
statistics  and  Coulomb  interaction  Their  response  to  electromagnetic 
excitations  is  determined  by  a  polarization  which  possesses  a  time  dependent 
amplitude  and  phase.  Although  the  phase  is  a  very  sensitive  probe  of 
microscopic  scattering  and  collision  mechanisms,  most  of  ultrafast 
spectroscopy  of  heterostructures  has  concentrated  on  measuring  the 
amplitude  only  [2]. 


Figure  1;  Left,  CWM  time  integrated  intensity  vs  At.  Center  CWM  power 
spectra  for  the  3  At  marked  by  the  arrows.  Right,  dynamics  of  the  phase 
(relative  to  the  Laser)  within  the  ultrashort  pulse  emission  for  the  same  3  At. 
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Using  a  combination  of  time-resolved,  frequency-resolved,  and 
interferometric  correlation  techniques  we  have  recently  investigated  the  phase 
and  amplitude  of  coherent  wave  mixing  (CWM)  emission  from  quantum  well 
structures  excited  by  two  ultrashort  pulses  [3].  For  excitation  near  the 
absorption  edge,  we  have  observed  ultrafast  nonlinear  phase  dynamics  that 
are  very  sensitive  to  the  two  times  involved  in  the  experiment  At,  the  time  delay 
between  the  exciting  pulses  and,  t,  the  absolute  time  within  one  pulsed 
emission.  The  left  part  of  Figure  1  shows  the  usually  measured  time  integrated 
CWM  signal  vs  At  for  a  configuration  where  only  the  lowest  resonance  is 
excited.  In  the  center  part  of  the  figure  the  CWM  power  spectra,  for  the  three  At 
indicated  by  arrows,  clearly  demonstrates  that  the  frequency  content  of  the 
signal  depends  strongly  on  the  time  delay  At.  Furthermore,  as  shown  in  the 
right  side  of  the  figure,  the  phase  difference  between  the  signal  and  a 
reference  laser,  Acj),  exhibits,  within  each  ultrashort  pulse,  a  nonlinear  dynamics 
vs  t,  which  also  depends  on  At  [3]. 

When  two  resonances  are  simultaneously  excited  we  observe  quantum 
beats  whose  dynamics  can  be  extremely  fast  just  above  the  fundamental  limit, 
AcoAt~1.  As  shown  in  Figure  2a,  for  the  case  of  two  resonances  15meV  apart, 
A<^  exhibits  an  abrupt  Tc-shift  at  the  beat.  Figure  2b  compares  the 
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Figure  2:  (a)  Evolution  of  the  phase  difference  between  the  CWM 

emission  and  the  reference  laser,  (b)  details  of  the  interferometric  auto¬ 
correlation  fringes  at  the  center  and  close  to  the  first  node  of  the  trace. 
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interferometric  fringes  at  the  beginning  of  the  emission  and  close  to  the  beat, 
showing  that  this  shift  is  completed  in  12  fringes  or  50fs  and,  therefore, 
corresponds  to  AcoAt~1 .4. 

For  excitation  in  the  two-dimensional 
continuum  of  quasi-free  e-h  states, 
44mev  above  the  lowest  exciton  state, 
the  dephasing  time  is  of  the  order  of  a 
few  tens  of  fs  [4].  When  the  pulse 
duration  exceeds  T2,  the  dephasing 
time,  the  time  integrated  CWM 
provides  no  interesting  information.  In 
contrast  the  temporal  evolution  of  the 
CWM  power  spectra  gives  directly  the 
spectrogram  [2]  and  is  a  direct 
visualization  of  the  phase  dynamics  of 
the  emission. 

As  shown  in  Figure  3,  we  observe  as 
a  function  of  At  a  clear  dynamical  shift 
of  the  power  spectrum  relative  to  that 
Figure  3;  Spectrogram  of  the  CWM  of  the  laser  spectrum.  We  attribute  this 
for  excitation  in  the  continuum  of  effect  to  the  dynamics  of  the  non- 

quasi  free  e-h  pairs.  equilibrium  e-h  Fermi-sea  created  by 

the  intense  pulse  [5].  This  "blue 
shifted  emission  is  the  counterpart  of  the  "red  shifted  spectral  hole  burning 
observed  in  pump-probe  experiments  [6].  This  effect  corresponds  for  non¬ 
equilibrium  distributions  to  the  well  known  Fermi-edge  singularity  of  equilibrium 
distributions. 

Elaborate  numerical  simulations  based  on  the  semiconductor  Bloch 
equations  [7]  account  for  the  general  features  of  the  experiments.  They  fail, 
however,  to  reproduce  important  aspects  of  the  data  which  we  track  back  to 
the  statistical  treatment  of  screening  and  Lorentzian  description  of  dephasing. 
These  experiments  challenge  the  present  theoretical  description  of 
semiconductors  and  reveal  a  need  for  refinements  in  the  treatment  of 
microscopic  processes  in  non-Markovian  theory.  On  an  ultrashort  time  scale 
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the  microscopic  effects  of  laser  induced  non-equilibrium  populations  cannot  be 
described  by  statistical  or  mean-field  approaches.  The  parameters  of  the 
materials,  effective  masses,  resonance  energies,  transition  amplitudes,  etc.,  all 
experience  an  ultrafast  time  dependent  renormalization  [8].  General  and 
consistent  descriptions  of  Coulomb  scattering  and  phonon  collisions  have  been 
proposed  [9,10],  but  they  have  not  yet  been  applied  to  complicated  nonlinear 
optical  experiments  such  as  those  described  in  this  lecture. 

This  work  was  supported  by  the  Director,  Office  of  Energy  Research,  Office  of  Basic  Energy 
Sciences,  Division  of  Materiais  Sciences  of  the  US  Department  of  Energy,  under  contract  No. 
DE-AC03-76SF00098. 
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Semiconductors  are  known  to  exhibit  large  second  order  nonlinearities  (e.g. 

<:/l4=200pmV'l  for  GaAs  at  10.6llm  [1]  compared  with  r/i5=5.5pmV'l  in  LiNbOs). 
However,  efficient  generation  of  new  frequencies  has  not  been  possible  due  to  the 
difficulties  of  phase-matching  as  zinc-blende  semiconductors  do  not  exhibit 
birefringence  and  typically  have  a  large  dispersion  in  the  near  infrared.  One  possible 
quasi  phase-matching  scheme  for  second  harmonic  generation  in  semiconductors  is  to 
use  a  refractive  index  grating  [2],  However,  the  generation  efficiency  of  such  schemes 
is  poor  and  Bragg  scattering  can  increase  losses.  In  addition,  the  high  symmetry  of 

zinc-blende  semiconductors  only  gives  one  non-zero  tensor  element  and  therefore 
restricts  the  choice  of  potential  device  geometries.  By  breaking  the  symmetry  of  the 
structure,  additional  (and  potentially  enhanced)  x®  tensor  elements  can  be  generated. 
One  particularly  promising  method  for  achieving  this  is  to  grow  asymmetric  quantum 
well  structures  .  For  long-wavelength  (10(lm)  operation,  inter-sub-band  transitions 
with  n-doped  wells,  nonlinear  coefficients  as  large  as  360nmV‘'  have  been  measured 
[3].  For  near  infrared  operation,  inter-band  transitions  in  intrinsic  asymmetric 
quantum  well  (AQW)  structures  can  also  be  used  to  obtain  a  second  order 
nonlinearity.  Theoretical  predictions  have  concentrated  on  the  heavy-hole  transition 
and  obtained  nonlinear  coefficients  of  (ii5=6pmV'l  in  coupled  quantum  wells  [4]  and 
dl5=200pmV'l  in  stepped  quantum  wells  [5].  However  an  implementation  of  the  d\^ 
coefficient  in  a  waveguide  geometry  would  require  the  excitation  of  both  TE  and  TM 
modes.  Alternatively,  a  1^33  coefficient  would  permit  the  excitation  in  just  the  TM 
mode.  However,  transitions  from  the  heavy-hole  sub-bands  do  not  contribute  to  the 
dzz  coefficient  due  to  wavefunction  symmetry,  but  there  should  still  be  adequate 
oscillator  strength  from  the  light-hole  transitions. 


Using  an  A.p  perturbation,  the  second  order  susceptibility  is  in  general  given  by, 

0,  1-  <  s  V  P„) 

where  is  the  free  electron  mass,  e,  is  the  unit  vector  in  the  direction  of  the  ith 
polarisation  and  p^  and  are  the  momentum  matrix  element  and  energy 

difference  respectively,  taken  between  the  electronic  states  a  and  (3.  Here  denotes 
that  the  expression  which  follows  it  is  to  be  summed  over  all  6  permutations  of  the 

pairs  (f-cOi  ~®2)’  (a“i)  "To  obtain  the  electronic  states  g,  a,  P,  a 

parabolic  band  model  is  used  for  the  conduction  band  and  a  4x4  Luttinger-Kohn 
Hamiltonian  is  diagonalised  for  the  valence  bands  (the  split-off  band  is  neglected). 
Figure  1(a)  shows  the  stepped  quantum  well  (with  the  calculated  energy  levels)  that 

will  be  used  as  an  example  here,  designed  for  use  at  a  wavelength  of  1.55pm.  The 
transitions  from  the  n=\  valence  states  to  the  /i=2  conduction  state  are  permitted  in 

this  structure  because  of  the  asymmetric  potential.  These  /S.n*0  transitions  are 
essential  in  obtaining  a  finite  second  order  nonlinearity.  The  calculated  dispersion  of 

X^^^  from  equation  (1)  is  shown  in  figure  1(b).  Operating  beneath  the  resonance  (to 
ensure  the  second  harmonic  is  not  absorbed)  gives  a  potentially  employable 
r/33=60pmV‘l  (although  the  peak  value  is  around  r/33=l  lOpmV  *)  which  is  only  a 
factor  of  2-3  smaller  than  the  intrinsic  r/14  coefficient  for  GaAs  and  predicted  peak 


values  for  the  di^  coefficient  in  similai'  structures  (in  spite  of  the  lack  of  contribution 
from  heavy-hole  transitions). 


Fig.  1  (a)  Schematic  of  asymmetric  stepped  quantum  well  consisting  of  4nm 
j^h.lsGao.sS'^s  and  6nm  AlojsGaq.sjAs  layers  within  20nm  Alo.48Gao.52As  barriers 
showing  the  energy  levels  of  the  bound  states,  (b)  Calculated  dispersion  of  the  second 
order  susceptibility  for  this  AQW  structure  showing  both  real  and  imaginary 
parts. 


Fig.  2  Schematic  showing  the  initial  growth  of  second  harmonic  for  perfect  phase¬ 
matching  (Ak=0),  non-phase-matched  (Ak^O),  and  first  order  quasi  phase-matched 
by  domain  reversal  (DR)  and  domain  disordering  (DD).  The  dashed  lines  indicate  the 
extent  of  the  domains  for  quasi  phase-matching. 

The  use  of  structurely  induced  second  order  nonlinearities  widens  the  scope  for 
possible  phase  matching  techniques.  Domain  reversal  is  feasible  by  periodically 
inverting  the  asymmetric  quantum  wells.  Practically,  this  would  involve  etching  and 
regrowth  which  would  probably  lead  to  substantial  propagation  losses.  A  more  viable 
technique  is  to  periodically  reduce  the  size  of  the  nonlinearity  (ideally  to  zero).  Fig.  2 
shows  how  SHG  would  evolve  in  such  a  structure  compared  to  domain  reversal  and 
ideal  phase-matching  with  a  reduction  in  the  effective  nonlinear  coefficient 

dDD—deffftt,.  In  doped  quantum  wells  for  10|im  operation,  the  nonlinearity  has  been 
reduced  by  proton  implantation  [6]  which  eliminates  the  carriers.  The  technique  we 
propose  for  the  near  infrared  is  quantum  well  intermixing  to  remove  the  induced 
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asymmetry.  The  most  promising  technique  in  GaAs/AlGaAs  systems  is  impurity-free 
vacancy  disordering  (IFVD)  due  to  the  low  optical  losses  [7].  Disordering  is  realised 
by  depositing  an  Si02  cap  on  the  material  and  then  annealing  in  a  rapid  thermal 
processor.  Selectivity  across  the  wafer  is  achieved  by  placing  a  layer  of  SrF2  between 
the  Si02  and  the  semiconductor  in  regions  where  intermixing  is  not  required  [8].  The 
spatial  resolution  of  the  process  is  more  than  adequate  to  define  gratings  with  a  pitch 

~4|lm. 

In  addition  to  potential  applications  for  frequency  conversion,  second-order 
nonlinearities  can  be  cascaded  to  produce  a  nonlinear  phase  shift  which  can  be 
controlled  through  phase-matching  [9].  This  then  can  be  used  to  achieve  all-optical 
switching.  One  possible  device  design  is  shown  in  fig.  3  where  the  sum  of  two  input 
frequencies  is  generated,  but  because  of  a  set  phase  mis-match,  downconversion 
subsequently  occurs  which  is,  in  general,  out  of  phase  with  the  original  input  [10].  It 

can  be  shown  that  this  gives  an  induced  nonlinear  phase  shift  at  coi  which  is 
independent  of  the  relative  phase  of  the  input  at  (02  (i-^-  incoherent  sources  can  be 

used).  To  induce  a  phase  shift  of  n  at  frequency  coi  in  a  1cm  long  and  Sjlm^  cross- 
section  AlGaAs  AQW  waveguide  phase  matched  by  domain  disordering  (using  the 
optimum  phase  mis-match  AkL=2n),  estimated  optical  power  levels  at  ayi  of  4W  using 

r/33=60pmV'l  and  400mW  using  <ii5=200pmV'l  [5]  are  required.  This  figure  should 
be  compared  with  equivalent  all-optical  switching  devices  based  on  the  third-order 
nonlinearity  in  AlGaAs  where  switching  power  levels  of  the  order  of  lOOW  are 
required. 


Fig.  3  Schematic  of  an  asymmetric  Mach-Zehnder  all-optical  switch  based  on  a 
cascaded  second  order  nonlinearity.  For  semiconductors ,  quasi  phase-matching  is 
employed  in  the  arm  where  both  optical  frequencies  are  present. 
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Summary 

Here  we  present  the  first  observations  of  resonant  enhancement  of  from  a  metal 
by  a  surface  state-image  potential  state  transition  [1].  This  conclusion  is  reached  from 
a  systematic  experimental  investigation  of  second-harmonic  (SH)  generation  from  a 
clean  Cu(lll)  surface  as  a  function  of  photon  energy,  and  crystal  azimuthal  orienta¬ 
tion.  We  also  suggest  that  earlier  observations  of  the  sensitivity  of  the  SH  resonance 
in  Cu(lll)  to  lattice  temperature  and  bombardment  of  the  surface  by  ions  [2]  can  be 
explained  by  a  linewidth  broadening  associated  with  electrons  in  surface  states  scat¬ 
tering  into  bulk  states,  consistent  with  angle-resolved  photoemission  measurements 
[3], 

In  our  experiments  a  Cu(lll)  sample  was  mounted  in  an  ultahigh  vacuum  chamber 
(5xl0~^°  Torr  base  pressure)  on  a  manipulator  which  could  be  used  to  vary  the 
azimuthal  orientation  of  the  sample.  Surface  crystalline  order  and  cleanliness  were 
monitored  using  low-energy  electron-diffraction  and  Auger  electron  spectroscopy.  For 
the  SH  dispersion  measurements,  we  used  a  synchronously  pumped  mode-locked  dye 
laser  which  produced  a  train  of  3-ps  pulses  at  76  MHz  with  an  average  power  of  200- 
500  mW.  With  three  different  dyes  the  wavelength  range  775-590  nm  (1.6<  %u>  < 
2.1  eV)  could  be  covered.  A  p-polarized  beam  was  focused  to  a  50-/xm  diameter  spot 
on  the  sample  at  an  angle  of  incidence  of  67°  and  p-polarized  reflected  SH  light  was 
detected  using  a  photomultiplier  and  conventional  photon-counting  techniques. 

Figure  1  shows  the  SH  efficiency  of  the  sample  as  a  function  of  wavelength  obtained 
for  two  azimuthal  orientations  '0  of  the  sample.  The  reflected  SH  efficiency,  R,  depends 
on  ■0  as  given  by: 


R  «l  X^eff  P=l  +  Bcos{Si^)]  p,  (1) 

for  a  surface  of  Csy  symmetry  [2].  Here  x(^  is  the  angle  between  the  plane  of 
incidence  and  the  [OlT]  surface  vector,  x^eff  ^^e  effective  second-order  susceptibility, 
and  A  and  B  are  linear  combinations  of  Xijk  tensor  elements  multiplied  by  angle-of- 
incidence-dependent  Fresnel  factors. 
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Figure  1:  The  p-polarized  SH  efficiency  R  of  the  clean  Cu(lll)  surface  as  a  function 
of  wavelength  of  the  p-polarized  light  incident  at  67°.  Details  see  text. 

The  incident  plane  in  curve  1(a)  (A)  is  parallel  to  the  [Oil]  direction  corresponding 
to  ^  =  0°  while  the  crystal  has  been  rotated  ■0  =  30°  in  curve  1(b)  (•)  so  that  the 
plane  of  incidence  is  parallel  to  the  [112],  It  follows  that  R  cx\  A  +  B  in  curve  1(a) 
while  i?  oc|  A  p  in  curve  1(b).  Figure  1  indicates  that  the  peak  in  the  SH  response 
near  4.1  eV  is  entirely  due  to  a  resonance  in  the  isotropic  coefficient  A,  whereas  the 
anisotropic  coefficient  B  increases  slowly  with  SH  photon  energy  [1].  Therefore  the 
linear  optical  parameters  can  be  excluded  as  a  source  of  the  observed  SH  resonance 
as  they  contribute  to  both  A  and  B.  Furthermore,  Bloch  et  al.  found  that  during 
exposure  of  the  Cu(lll)  surface  to  oxygen,  the  SH  efficiency  drops  by  a  factor  of 
10  at  wavelengths  in  the  vicinity  of  the  resonance.  Therefore,  the  contribution  from 
the  isotropic  bulk  electric  quadrupole  term  is  relatively  small  at  the  resonant  energy. 
Thus  the  strongest  candidates  for  the  resonance  feature  at  4.1  eV  are  the  isotropic 
surface  susceptibility  elements  of 

Figure  2  shows  the  dispersion  relation  E[k\\)  of  the  occupied  surface  state  {SS) 
at  the  r  point  of  the  surface  Brillouin  zone  along  with  the  projected  bulk  continuum 
adapted  from  Ref.  [4].  The  s-band  edge  continuum  states  (Ti)  are  approximately 
4.3  eV  above  the  Fermi  level  and  are  too  high  in  energy  to  be  involved  in  a  resonant 
excitation  with  the  laser  frequencies  used  in  these  studies.  However,  the  n=l  member 
of  a  Rydberg  series  of  image-potential  surface  states  {IS)  has  exactly  the  correct 
energy  separation  of  4.1  eV  from  the  Fermi  level. 

We  conclude  that  the  observed  SH  resonance  at  2hu!  =  4.1eV  is  due  to  a  coup- 
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ling  between  the  SH  photon  and  an  electronic  transition  between  the  lowest  image 
potential  state  and  the  Gartland-Slagsvold  surface  state  near  the  Fermi  level  at  the 
r  point  of  the  Cu(lll)  surface  Brillouin  zone.  This  conclusion  is  supported  by  high- 
resolution  angle-resolved  photoemission  measurements  on  the  SS  state  on  Cu(lll) 
demonstrating  that  its  peak  width  increases  on  approaching  the  Fermi  energy  [3]. 
Kevan  explained  the  broadening  mechanism  by  considering  SS  hs  a.  defect-induced 
state  which  interacts  more  strongly  with  the  bulk  states  as  its  energy  approaches  that 
of  the  bulk  continuum  near  Ep.  This  explaination  is  consistent  with  the  SH  efficiency 
of  Cu(lll)  at  2fiu!  =  4.1eV  being  sensitive  to  the  density  of  surface  defects  [2].  A 
defect-induced  energy  broadening  of  the  SS  state  leads  to  a  decrease  in  the  SH  effi¬ 
ciency,  which  in  fact  has  been  observed  by  Bloch  et  al.  after  sputtering  or  annealing 
of  the  Cu(lll)  surface  [2], 
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Summary 

We  present  the  results  of  theoretical  studies  numerically  analyzing  the  linear  and  non¬ 
linear  optical  features  of  AlGaAs  fractional-layer-superlattice  (FLS)  quantum  wires.  The 
results  of  the  calculation  are  discussed  in  terms  of  quasi- ID  quantum  confinement  effects, 
and  are  compared  with  experimental  results. 

The  fractional-layer  superlattice  (FLS)^’^,  which  has  compositional  periodicity  normal 
to  the  direction  of  crystal  growth,  has  been  attracting  much  attention  as  a  potential 
material  for  optical  devices.  Due  to  the  lateral  quantum  confinement  optical  anisotropy 
normal  to  the  grown  surface  can  be  readily  observed^.  The  FLS  quantum  wire  is  an  FLS 
layer  sandwiched  by  barrier  layers,  as  shown  in  Fig.  1.  We  believe  it  can  be  classified  as  a 
new  type  of  low-dimensional  structure.  It  is  known  that  the  compositional  distribution  in 
AlGaAs  FLS  is  more  gradual  than  the  nominal  distribution  because  of  intermixing  of  A1 
and  Ga.  Therefore,  in  the  direction  of  the  FLS  periodicity  the  wavefunctions  of  electrons 
and  holes  penetrate  into  adjacent  wells,  and  quantum  confinement  is  superlattice-like. 
The  wavefunctions  normal  to  the  grown  surface  are  strongly  confined  within  the  well,  and 
quantum  confinement  is  quantum-well-like.  The  quantum  confinement  dimension  in  the 
FLS  wire  is  between  ID  and  2D,  that  is,  quasi-lD.  Here,  we  discuss  optical  properties 
of  the  FLS  wire  from  the  view  point  of  the  asymmetrical  quantum  confinement  in  the 
quasi-lD  structure. 

To  investigate  linear  and  nonlinear  optical  properties  it  is  necessary  to  know  the  de¬ 
tailed  conduction  and  valence  subband  structures  and  the  wave  functions  of  an  electron 
and  a  hole  generated  by  optical  excitation.  A  simple  effective  mass  model  is  used  to 
calculate  the  conduction  subband  structures.  The  valence  subband  structures  resulting 
from  the  quantum-confinement  induced  mixing  of  heavy-hole  and  light-hole  bands  are 
calculated  by  diagonalization  of  the  Luttinger-Kohn  4x4  Hamiltonian^.  To  include  the 
quantum- well  like  confinement  effect,  strongly  confined  envelope  functions  are  assumed 
for  electrons  (e)  and  holes  (h)  in  the  z  direction; 

=  Em  where  i  =  e,h. 

The  envelope  functions  of  Bloch  form^  are  nsed  in  the  y  direction  to  take  into  account 
superlattice-like  behavior. 

i/'' (y)  =  E/c  ,  where  K  =  2iTn/Ly;  n  =integer. 

The  A1  composition  in  the  FLS  layer  is  assumed  to  be  sinusoidally  modulated  in  the  y 
direction. 

Optical  anisotropy  normal  to  the  grown  surface  is  a  good  measure  to  assess  the  lateral 
quantum  confinement  effects  in  the  FLS  wires.  Figure  2  compares  the  calculated  absorp¬ 
tion  anisotropy  a||_j.  =  a\\  —  oi±  with  the  experimental  results.  Here,  we  consider  linearly 
polarized  light  incident  along  the  z  direction  with  electric  field  vector  in  the  x  (E||)  and  y 
directions  (Ej.).  The  experimental  anisotropy  is  measured  for  a  (AlAs)iy4(GaAs)3|4  FLS 
quantum  wire  fabricated  by  MOCVD®.  The  lateral  period  Lj,  and  thickness  L^  of  the 
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FLS  layer  are  both  8nm.  The  calculated  anisotropy  agrees  well  with  the  experimental 
results,  reproducing  the  details  of  the  spectral  structures.  The  good  agreement  with  the 
experiment  confirms  the  validity  of  the  present  theoretical  treatment. 

Figure  3  compares  the  calculated  optical  gain  coefficient  for  an  AlGaAs  FLS  quantum 
wire  with  that  for  a  GaAs  quantum  well  (QW).  In  the  calculation  the  modulation  depth 
of  the  A1  content  in  the  lateral  direction  is  assumed  to  be  6x  =  0.1.  The  polarization 
dependence  of  the  gain  is  a  result  of  the  lateral  quantum  confinement  in  the  FLS  wire. 
The  gain  spectrum  for  E||  is  found  to  have  a  more  pronounced  peak  for  the  FLS  wire  than 
that  for  the  QW.  This  is  caused  by  the  modification  of  the  joint  density-of-states  at  the 
bandedge  in  going  from  2D  to  quasi- ID.  A  3-fold  enhancement  in  the  gain  coefficient  can 
be  expected  by  incorporating  the  FLS  layer  in  the  well  position.  The  gain  spectrum  for  Ej^ 
has  two  peaks.  The  lower  energy  peak  corresponds  to  the  transition  between  the  lowest 
conduction  subband  and  the  heavy-hole-like  subband.  The  higher  energy  peak  is  due  to 
the  mixed  heavy-  and  light-hole  states  produced  as  the  result  of  quasi- ID  confinement. 
This  transition  has  a  larger  oscillator  strength  for  E^.  Although  the  A1  compositional 
modulation  is  as  small  as  0.1,  a  large  change  in  the  gain  spectra  is  generated  by  the  lateral 
confinement  effects. 

Concerning  nonlinear  gain  properties,  the  higher  energy  gain  peak  for  (Ej^)  tends 
to  build  up  faster  than  the  lower  energy  peak  with  increasing  carrier  density  N^.  The 
crossover  energy,  where  gain  values  for  Ey  and  Ej.  are  balanced,  therefore,  shifts  to  the 
higher  energy  side  as  the  carrier  concentration  increases.  Furthermore,  not  only  linear 
birefringence  but  also  polarization-dependent  nonlinear  dispersion  n^h  (nonlinear  birefrin¬ 
gence;  lighW  -  He/ji.)  is  obtainable  in  the  vicinity  of  the  crossover  energy,  as  shown  in  Fig. 
4,  corresponding  to  large  anisotropy  in  nonlinear  optical  gain. 

Existence  of  this  crossover  point  together  with  nonlinear  gain  and  dispersion  are  im¬ 
portant  from  the  view  point  of  the  application  to  a  novel  vertical  polarization  switch^. 
By  incorporating  the  FLS  in  a  vertical  microcavity  laser  structure,  and  tuning  the  optical 
resonance  in  the  vicinity  of  the  crossover  point,  small  changes  in  the  carrier  density  Nc  in¬ 
duced  by  electrical  or  optical  means  can  switch  the  laser  from  one  linear  polarization  state 
to  the  orthogonal  state.  It  should  be  emphasized  that  by  using  FLS  quantum  wire  not 
only  as  a  gain  media  but  also  as  an  anisotropic  nonlinear  media,  a  simple  structure  con¬ 
sisting  of  FLS  wire  and  vertical  microcavity  will  be  enough  to  configure  the  polarization 
switch. 

In  conclusion,  we  have  theoretically  investigated  linear  and  nonlinear  optical  properties 
of  the  quasi-lD  FLS  quantum  wire.  This  theory  accurately  explains  the  polarization- 
dependent  absorption  spectrum,  experimentally  assessed  for  AlGaAs  FLS  quantum  wire. 
The  small  lateral  modulation  of  the  A1  content  (<5x  =  0.1)  is  found  to  change  the  optical 
properties  markedly  and  improve  the  gain  characteristics  largely.  The  anisotropic  linear 
and  nonlinear  properties,  brought  about  by  quasi-lD  quantum  confinement,  are  expected 
to  lead  to  novel  optical  devices  which  control  the  polarization  state  of  light. 
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FIG.  1.  Schematic  drawing  of  the  FLS  quan¬ 
tum  wire.  The  quantum  confinement  is 
quantum-well-like  in  the  vertical  (z)  di¬ 
rection,  and  is  superlattice-like  in  the  lat¬ 
eral  (y)  direction. 


fio)  (eV) 

FIG.  2.  Comparison  of  calculated  absorption 
anisotropy  =  a||  —  aj.  with  the  ex¬ 
perimental  results.  In  the  calculation  the 
A1  content  x  is  assumed  to  be  sinusoidally 
modulated  by  5x=0.08  with  a  periodicity 
of  8  nm  in  y  direction. 


hco-  Eo(eV) 

FIG.  3.  Gain  coefficients  in  AlGaAs  FLS  quan 
turn  wire  and  GaAs  QW  calculated  for 
carrier  density  of  Nc=2x  10’®cm“^.  The 
abscissa  is  the  photon  energy  huj  with  re¬ 
spect  to  bandgap  Eo  of  the  well  material. 
The  FLS  layer  is  assumed  to  have  an  av¬ 
erage  A1  content  x  of  0.25  and  modulated 
by  (5x  of  0.1  with  a  16  nm  periodicity. 
The  vertical  well  thicknesses  of  the  FLS 
quantum  wire  and  the  quantum  well  are 
both  10  nm. 
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FIG.  4.  Dispersive  nonlinearity  n^h  calculated 
in  gain  regime  for  Nc=2  x  lO^^cm”^.  The 
dispersive  nonlinearity  is  defined  as 

ne/i=An/ANc,  where  An  is  the  refractive 
index  change  induced  by  the  change  in 
carrier  density  ANc- 
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Quasi-phase  matched  (QPM)  second-harmonic  (SH)  generation  in  both  insulator^  and 
semiconductor  ^  waveguides  has  applications  ranging  from  the  generation  of  coherent 
visible  light  to  optical  signal  processing.^’^  QPM  compensates  the  wavevector  mismatch 
between  the  fundamental  and  SH  light  by  periodically  varying  the  SH  susceptibility, 
X^'^\  a,nd  refractive  index,  along  the  SH  light  propagation  direction.  It  would  be 
very  useful  if  quantum  wells  could  be  used  to  engineer  materials  with  a  large 
which  can  be  easily  varied.  Large  asymmetric  quantum  well  SH  susceptibilities  have 
been  measured  for  far  infrared  wavelengths,  where  the  nonlinear  response  is  dominated 
by  intra-subband  transitions.  Although  there  have  been  several  theoretical  studies 
predicting  a  quantum  well  comparable  to  that  of  LiNhOz^  or  larger®  in  the  near 
infrared  and  visible  wavelength  range,  there  have  been  no  experimental  measurements 
of  We  use  reflection  geometry  QPM®  to  selectively  enhance  the  SH  signal  from  an 
asymmetric  coupled  quantum  well  (ACQW)  superlattice.  In  addition  we  present  the  flrst 
measurement,  to  the  best  of  our  knowledge,  of  x^^^  in  the  visible  wavelength  range  for  an 
ACQW. 

A  1.0  /im  thick  ACQW  superlattice,  shown  in  Fig.  1,  was  grown  on  a  (100)  GaAs 
substrate  using  molecular  beam  epitaxy.  Each  ACQW  consists  of  a  3.85  nm  GaAs  well 
separated  from  a  1.3  nm  GaAs  well  by  a  0.88  nm  Alo,5Gao.$As  barrier.  The  well  and 
barrier  dimensions  have  been  chosen  to  give  the  optimal  x^‘^\  according  to  the  ACQW 
calculations  carried  out  by  Khurgin"^.  The  orientation  of  the  quantum  well  pairs  is 
periodically  reversed,  thus  changing  the  sign  of  the  ACQW  x^^\  order  to  satisfy 
the  reflection  QPM  condition®  for  A  =  1.319  //m  incident  light.  Light  from  a  Q-switched 
A  =  1.319  fim  Nd:Yag  laser  was  incident  at  45°  on  the  specimen,  and  the  SH  light  radiated 
in  the  specular  direction  was  detected  using  conventional  photon  counting  techniques. 

Each  ACQW  pair  has  the  same  symmetry  as  the  sir j GaAs  interface,  and  hence  the 
same  tensor  elements,  namely  x^zzz,  X^xzx  =  XyLy  Xz^i  =  X^zyyi  will  be  nonzero^. 
Fig.  2  shows  the  variation  of  the  p-polarized  SH  intensity  generated  by  a  p-polarized 
incident  beam  for  both  a  GaAs  reference  and  the  ACQW  superlattice,  as  each  specimen 
was  rotated  by  ip  about  its  surface  normal.  The  SH  intensity  variation  with  rotation 
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Fig.  1  The  Al  concentration  profile  of  the  uppermost  unit  cell  of  the  asymmetric  coupled 
quantum  well  (ACQW)  superlattice. 


angle  V’  has  the  form, 


W)  = 


Acos'il^sinip  +  B 


(1) 


(2') 

In  homogeneous  GaAs,  A  is  proportional  to  the  bulk  susceptibility  Xxyz-,  while  B  is  due 
to  the  surface  SH  signal.  In  the  ACQW  specimen,  A  is  proportional  an  average  of  the 
barrier  and  quantum  well  intrinsic  bulk  susceptibilities,  while  B  includes  both  surface 
and  ACQW  contributions.  Since  the  top  layer  of  the  ACQW  specimen  is  also  GaAs,  the 
surface  contribution  for  both  specimens  must  be  identical.  A  comparison  of  the  best  fit 
of  Eq.  1  to  the  GaAs  and  ACQW  data  in  Fig.  2  indicates  that  the  isotropic  component 
of  the  SH  signal  for  the  ACQW  specimen  is  due  primarily  to  the  ACQW  superlattice 
SH  response.  Measurements  were  also  made  of  both  the  s-polarized  and  p-polarized  SH 
signal  from  the  ACQW  superlattice  as  the  incident  beam  polarization  was  rotated,  with 
the  plane  of  incidence  along  the  crystal  (010)  axis.  Using  this  data  and  the  data  of  Fig. 
2,  and  correcting  for  the  SH  signal  amplification  due  to  the  QPM  geometry,  the  ACQW 
susceptibilities  are  estimated  to  be  =  1.5  x  10“^^  mV“^  and  Ixlyyl  1-3  X  10“^^ 

mV“^.  The  result  is  in  good  agreement  with  the  calculation  of  Khurgin"^  for  similar 
ACQW  structures.  On  the  other  hand,  the  measured  value  for  Xzyy  is  comparable  to  Xyzy-> 
contrary  to  theoretical  considerations'^’^  suggesting  that  Xyzy  should  be  much  larger  than 
all  other  components. 

In  conclusion,  we  have  presented  the  first  measurement  of  the  SH  susceptibility  of  an 
ACQW  superlattice,  for  SH  generation  in  the  visible  wavelength  range.  The  measured 
values  of  |x^zy|  =  1.5  x  10“^^  mV”^  and  Ixlyyl  =  1-3  x  10“^^  mV~^  are  comparable 
to  the  x^^^  of  LiNbOs-  These  measurements  show  that  it  is  possible  to  use  quantum 
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Fig.  2  The  variation  of  the  p-polarized  SH  signal  with  rotation  angle  •0  about  the  surface 
normal  for  the  ACQW  superlattice  (squares)  and  GaAs  reference  (circles),  using 
p-polarized  incident  light.  The  smooth  curves  show  the  best  fits  of  Eq.  1  to  the 
data. 

well  engineering  to  fabricate  materials  with  SH  susceptibilities  at  visible  wavelengths 
comparable  to  commonly  used  nonlinear  crystals.  We  have  also  demonstrated  that  the 
use  of  QPM  in  a  reflection  geometry  is  a  practical  technique  for  amplifying  the  optical 
SH  response  of  quantum  wells  and  other  microstructures.  This  technique  opens  new 
possibilities  for  applying  optical  SH  and  sum-frequency  generation  to  investigate  nonlinear 
optics  in  semiconductor  microstructures. 
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Semiconductor  nanocrystals  (NCs)  can  be  treated  as  quasi-zero-dimensional  objects  or 
quantum  dots.’  Photo-induced  absorption  changes  of  the  NCs  are  usually  dominated  by 
state  filling.  However,  Coulomb  interaction  can  also  be  important  in  the  nonlinear 
absorption  of  the  NCs.  In  particular,  the  two-electron-hole-pair  interaction  (biexciton  effect) 
may  lead  to  a  shift  of  the  energies  of  the  optical  transitions  from  one-  to  two-pair  states. 
The  two-pair  interaction  energy  can  be  interpreted  as  biexciton  binding  energy  SEj  =  2E,  - 
Ej,  where  E,  and  Ej  are  the  energies  of  the  one-  and  two-pair  states,  respectively. 
Theoretical  studies  lead  to  contradictory  results  for  the  sign  and  magnitude  of  the  two-pair 
interaction  energy. Until  now,  experiments  have  not  given  definite  evidence  for  the 
Coulomb  interaction-induced  shift  of  the  energy  levels  of  the  two-pair  states  which  can  be 
expected  to  result  in  increased  absorption  below  (5E2  >  0)  or  above  (5E2  <  0)  the  one-pair 
resonances  depending  on  the  sign  of  the  interaction  energy.  The  observation  of  this  effect  is 
usually  complicated  by  strong  broadening  of  the  levels  of  size  quantization  and  bleaching  of 
the  one-pair  transitions  due  to  state-filling. 

We  report  on  measurements  of  the  femtosecond  dynamics  of  differential  transmission 
spectra  (DTS)  of  CdSe  NCs  excited  well  above  the  energy  of  the  lowest  optical  transition. 
The  effect  of  the  two-pair  interaction  manifests  itself  at  the  initial  stage  of  carrier  relaxation, 
before  the  lowest  electron  and  hole  levels  become  occupied,  as  a  red-shift  of  the  lowest 
resonance  in  the  nonlinear  absorption  spectra. 


Wavelength  (nm) 

Figurel:  DTS  of  CdSe  NCs  at  different  delay  times  between  pump  and  probe  pulses 

The  samples  are  CdSe-doped  glasses  with  average  radius  of  the  NCs  of  about  5  nm.  The 
dynamics  of  the  D  TS  is  studied  by  femtosecond  pump  and  probe  measurements  (pulse 
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duration  is  80-100  fs,  pump  photon  energy  is  4  eV).  An  optical  multichannel  analyzer 
system  is  used  to  measure  DTS=  [T(>.)-T(j(?i)]/Tf,(^),  where  To(X)  and  T(X)  are  the 
transmission  spectra  of  the  unexcited  and  excited  sample,  respectively.  In  additional 
experiments  with  2  eV  excitation,  we  have  studied  the  excitation  density  dependence  of  the 
DTS,  which  allows  a  determination  of  the  energetic  structure  of  the  CdSe  NCs  in  our 
sample.  In  addition,  from  comparison  with  these  data,  we  estimate  that  the  average 
excitation  density  in  the  measurements  presented  in  this  paper  is  less  than  one  electron-hole 
pair  per  NC. 

The  DTS  recorded  at  small  delays  between  pump  and  probe  pulses  (At  =  200  -  800  fs) 
exhibit  three  well  resolved  features  (Fig.  1):  two  bleaching  bands  at  X,  and  )l,,  and  one  band 
of  induced  absorption  A,',.  In  Fig.  2  we  show  the  temporal  evolution  of  the  changes  of 
optical  density,  -Aad,  derived  from  the  DTS  at  different  wavelengths.  The  bands  A2  and  A', 
are  characterized  by  extremely  fast  dynamics.  Their  amplitudes  increase  within  the  first  400- 
500  fs  after  excitation  and  then  decay  during  the  next  500-600  fs.  The  band  A,  exhibits 
slower  dynamics.  Its  rise  time  is  of  about  900  fs,  and  exponential  relaxation  time  is  2.5ps. 


Figure  2:  Time  dependence  of  induced  absorption  changes  at  the  maxima  of  the  Aj,  A2,  and 

Ai[ '  bands  in  the  DTS 

The  structure  and  evolution  of  the  DTS  can  be  explained  in  terms  of  Coulomb  interaction 
and  state  filling  due  to  carriers  relaxing  to  the  lowest  available  states.  The  two  bleaching 
bands  A,  and  Aj  are  attributed  to  the  saturation  of  the  two  lowest  dipole-allowed  one-pair 
transitions  Is^-ls^  and  Ipe-Iph  coupling  electron  and  hole  states.  Just  after  excitation  these 
states  are  not  occupied  with  carriers.  During  the  energy  relaxation  carriers  reach  the  Ip 
states,  resulting  in  the  saturation  of  the  corresponding  transition  (A2  bleaching  band).  Two- 
pair  interaction  causes  a  shift  of  the  energies  of  the  two-pair  (biexciton)  states  including  the 
ground  biexciton  state.  This  manifests  itself  as  a  bleaching  in  the  range  of  the  lowest 
resonance  (band  A,)  and  the  induced  absorption  below  it  (band  A',).  The  relaxation  of  the 
carriers  to  the  lowest  1  s  states  causes  the  increase  of  the  amplitude  of  the  A,  band  due  to 
state  filling  and  results  in  the  suppression  of  the  increased  absorption  below  this  band. 
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Figure  3:  Measured  DTS  at  delays  of  300  fs  (a)  and  1100  fs  (b)  compared  with  calculated 
DTS  assuming  occupation  of  either  p-  or  s-states. 


The  measured  DTS  are  modeled  by  taking  into  account  six  dipole-allowed  transitions 
coupling  vacuum  state,  two  one-pair  states  and  three  two-pair  states.  The  DTS  recorded  at 
small  delay  (At  <  600  fs)  can  be  well  described  by  the  calculated  spectra  assuming 
occupation  of  the  excited  states  Ip^  and  Ip^  [Fig. 3  (a)].  The  spectra  observed  at  longer 
delay  (At>900  fs)  are  well  fitted  assuming  that  the  Is^  and  ISh  states  become  occupied 
[Fig. 3  (b)].  From  fitting  the  experimental  spectra  we  obtain  a  value  of  the  two-pair 
interaction  energy  (biexciton  binding  energy):  SE,  =  32  meV.  This  value  is  much  higher  than 
the  biexciton  binding  energy  in  bulk  CdSe  indicating  a  strongly  enhanced  attractive 
interaction  of  the  electron-hole  pairs  in  the  NCs. 

V.Klimov  gratefully  acknowledges  the  support  from  the  Alexander  von  Humboldt 
Foundation. 
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It  has  been  recently  shown  that  high  intensity  femtosecond  pulses  that  saturate  the  gain  medium 
can  undergo  net  absorption  when  propagating  in  semiconductor  amphfiers  [1].  The  relevant  behav¬ 
ior  cannot  be  captured  by  a  conventional  gain  saturation  model  of  a  semiconductor  amphfier  [2]  but 
instead  requires  the  resolution  of  the  full  many-body  dynamics  such  as  bandgap  renormahzaion, 
dynamic  Coulomb  screening,  Pauli  blocking  etc.  [3].  In  contrast  to  uniformly  inverted  atomic  lev¬ 
els,  the  inverted  semiconductor  is  characterized  by  an  electro-hole  plasma  which  obeys  Fermi- Dirac 
statistics,  causing  gain  below  and  absorption  above  the  quasi-chemical  potential.  Therefore  after 
strong  pulse  excitation,  saturation  of  the  gain  of  the  leading  part  of  the  pulse  leads  to  absorption 
of  the  traihng  part  by  those  noninverted  states  which  have  a  finite  spectral  (absorptive)  overlap 
with  the  pulse.  Since  amplification  or  absorption  can  continue  indefinitely  along  the  amplifier,  it  is 
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unclear  how  the  nonlinear  interaction  between  the  pulse  and  different  carrier  states  manifests  itself 
in  the  pulse  propagation  process. 

We  will  report  on  our  studies  of  a  plane  wave  femtosecond  pulse  propagating  in  a  semiconductor 
amplifier  over  gain  lengths  weU  beyond  that  reported  in  reference  [1],  Preliminary  results  on  the 
extension  of  our  study  to  include  transverse  spatial  effects  necessary  to  model  reabstic  waveguiding 
and  broad  area  amplifier  structures  wiU  also  be  discussed.  The  overall  conclusion  of  our  study  for  a 
plane  wave  pulse  is  that,  after  initial  linear  amplification  and  saturation,  the  pulse  undergoes  strong 
intensity  and  spectral  deformation  before  settling  into  a  strongly  compressed  intense  superlumipal 
pulse  undergoing  adiabatic  following  (AF)  with  off-resonant  noninverted  states,  well  above  the 
chemical  potential.  In  this  AF  regime  the  pulse  continues  to  sharpen  and  grow  in  intensity.  This 
scenario  appears  to  hold  irrespective  of  the  initial  pulse  intensity  or  its  carrier  frequency  offset 
from  the  gain  peak.  However,  the  transient  evolution  of  the  pulse  intensity  and  spectrum  is  very 
sensitive  to  the  inital  detuning  of  the  carrier  frequency  from  the  linear  gain  peak.  Dynamic  bandgap 
renormalization  leads  to  a  downshift  of  the  peak  gain  as  the  carrier  density  is  driven  down  on  the 
leading  edge  of  the  pulse  as  it  saturates.  This  in  turn  leads  to  linear  amplification  of  that  part  of  the 
pulse  spectrum  that  lies  under  the  maximum  of  the  gain.  If  the  pulse  center  frequency  is  initially 
offset  from  the  renormalized  peak  gain,  we  observe  strong  modulation  of  the  pulse  spectrum  which 
in  turn  modulates  the  intensity  and  the  pulse  transient  looks  very  complicated.  We  anticipate  that 
these  effects  will  strongly  modify  the  frequency  chirp  observed  across  short  pulses  in  semiconductor 
amplifiers.  Figure  1(a)  depicts  the  relevant  stages  in  the  pulse  intensity  evolution  over  40  bnear  gain 
lengths  (reference  [1]  showed  results  over  1  gain  length)  while  Figure  1(b)  shows  the  corresponding 
evolution  of  the  total  carrier  density. 

The  dynamics  of  the  field  and  carriers  in  the  semiconductor  amplifier  is  described  by  the 
Maxwell- Semiconductor  Bloch  equations: 


dE  i  d^E  _  idc^iJ,oOJ^  , 

ko  dx^  ~  koV  ^  ^  ^  ’ 

where  (t?,^  retarded  time  and  space  coordinates  [1-4]  and  we  include  diffraction  in  one 

transverse  dimension.  The  polarization  functions  Pg  are  determined  from  the  solution  of  the 
Semiconductor- Bloch  equations  [5]: 


dr] 


-i{^q  -  ^p)Pq  —  i^qijq  +  fg  ^  1)  + 


dr] 


iPgilg  -f  C.C.  -(- 


dr] 


(2) 

(3) 


with  the  renormabzed  Rabi  frequency  D,  =  f  +  l  E,/  Vq-giPqi-  Here  fg,  and  A,  =  €g-jr  E,/  Vg^g,(f^,+ 
f^,)  denote  the  distribution  functions  for  electrons  or  holes  and  the  energy  dispersion  including  the 
band  gap  renormabzation,  respectively.  The  Coulom  potential  Vg,  is  treated  in  a  quasi-statistical 
screening  model.  The  Rabi  frequency  ft  =  dev  •  E /Ti  is  determined  by  the  dipole  matrix  element  d^ 
and  the  ampbtude  of  the  external  electrical  field  E  =  £(77,  .  For  simplicity  the  coUision 

terms  in  Eqs.  (2)  and  (3)  are  approximated  in  the  relation  rate  approximation  using  time  constants 
of  60  fs  [6]. 
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The  inclusion  of  the  diffraction  term  in  the  model  allows  for  simulation  of  femtosecond  pulse 
amphfication  in  waveguided  or  broad  area  amphfiers.  The  computational  challenge  is  much  greater 
here  and  we  are  investigating  parallel  vector  supercomputers  such  as  the  Cray  C-90  and  the  CM5 
Connection  Machine  for  optimal  compute  performance.  The  very  strong  temporal  and  frequency 
distortion  of  plane  wave  pulses  in  the  temporal  domain  should  manifest  also  across  the  transverse 
Gaussian  profile  of  a  finite  width  pulse.  In  addition  diffractive  effects  and  self-phase  modulation 
should  act  in  concert  with  these  “plane  wave”  mechanisms  to  produce  some  fascinating  spatiotem- 
poral  evolutions  in  broad  area  amplifiers  in  particular.  Figure  2  is  the  first  such  result  for  an 
injected  Gaussian  pulse  (FWHM  =  )  propagating  over  10  linear  gain  lengths  in  the  amphfier.  This 
propagation  distance  is  insufficient  to  observe  the  strong  temporal  transient  leading  to  the  AF 
regime  in  Figure  1  but  it  already  indicates  the  appearance  of  interesting  spatiotemporal  features. 
This  particular  simulation  corresponds  to  a  150  femtosecond  pulse  which  is  strongly  saturating 
in  the  center.  The  outer  wings  undergo  strong  initial  Unear  ampUfication  and  most  of  the  trans¬ 
verse  cross-section  has  reached  saturation  after  10  gain  lengths.  Work  is  in  progress  to  study  such 
spatiotemporal  evolutions  over  longer  gain  lengths  and  for  lower  peak  intensity  injected  pulses. 


t  (ps)  (a)  t  (ps) 


Figure  1.  (a)  Pulse  intensity  profiles  over  30  gain  lengths  in  the  amphfier,  (b)  corresponding 

inversion  densities. 
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We  use  time-resolved  differential  transmission  spectroscopy  with  time-resolution  better 
than  100  fs  to  study  exciton  absorption  saturation  in  by  optically  excited  carriers  in 
GaAs/AlGaAs  multi  quantum  wells  (MQWs).  We  perform  pump-probe  experiments  using 
near  infrared  pump  pulses  tunable  from  1.44  eV  to  1.56  eV  and  a  white-light  continuum 
probe.  Pump-induced  transmission  changes  are  recorded  as  differential  transmission  spectra 
(DTS).  These  specra  show  bleaching  of  the  excitonic  transitions  at  various  subband  edges 
due  to  carrier-induced  loss  of  exciton  oscillator  strength  and  broadening  of  the  excitonic 
absorption  lines.  The  former  contribution  to  the  saturation  of  the  exciton  absorption  peaks 
can  be  separated  from  pure  broadening  (and  shift)  of  the  exciton  by  integrating  the  DTS 
over  the  width  of  the  broadened  exciton  line.  The  main  mechanisms  leading  to  exciton 
bleaching  are  phase  space  filling  (PSF)  and  exchange  effects,  which  are  directly  related  to 
the  occupation  of  carrer  states,  and  long-range  Coulomb  screening. 

The  influence  of  intra-subband  carrier  relaxation  on  exciton  bleaching  was  studied  in  a 
sample  consisting  of  40  periods  of  10  nm  GaAs  wells  and  20  nm  AlGaAs  barriers.  The 
pump  was  tuned  to  1.53  eV,  below  the  transition  from  the  second  heavy  hole  subband  to  the 
second  electron  subband  (E2H2),  creating  carriers  with  a  total  excess  energy  of  70  meV  in 
the  lowest  subbands  only.  Figure  1  displays  DTS  at  different  delay  times,  showing  exciton 
bleaching  at  various  subband  edges. 


Figure  1 :  DTS  at  different  time  delays  after  exitation  of  carriers  into  the  lowest 
subbands.  Nexc=3.9xl0ll  cm'2 
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The  inset  shows  the  temporal  evolution  of  the  integrated  transmission  changes,  i.e.  the 
loss  of  oscillator  strength,  of  the  transitions  corresponding  to  the  first  and  second  electronic 
subband.  Additionally,  it  shows  the  transmission  change  at  1.5  eV  that  is  due  to  hand-filling 
of  continuum  states  of  the  lowest  subbands.  After  a  very  fast  increase,  this  signal  relaxes  to 
a  quasi-stationary  level  within  800  fs.  This  indicates  the  intrasubband  relaxation  and 
cooling  of  the  pump-excited  carriers. 

In  contrast,  the  integrated  transmission  change  at  the  lowest  subband  edges  indicates  an 
instantaneous  reduction  of  oscillator  strength  that  reaches  its  maximum  within  the  pump 
pulse  duration.  Obviously,  this  signal  shows  no  significant  influence  of  the  intrasubband 
carrier  relaxation.  This  is  in  strong  contrast  with  calculations  predicting  a  distinct 
dependence  of  PSF  on  the  carrier  temperature. 02  According  to  the  existent  theory,  carrier 
cooling  is  expected  to  result  in  an  increasing  efficiency  of  PSF,  which  would  lead  to  a 
delayed  increase  of  the  integrated  transmission  change.  This  is  not  observed  in  our 
experiment. 
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Figure!:  Excitation  density  dependence  of  integrated  and  peak  transmission  change  at 

the  ElHl  transition 


As  no  carrier  are  excited  into  the  second  subbands,  the  E2H2  transition  cannot  be 
influenced  by  PSF,  but  only  by  Coulomb  screening.  The  DTS  in  Fig.  1  indicate  a 
broadening  and  a  slight  red-shift  of  this  transition,  while  the  integrated  transmission  change 
remains  essentially  zero.  This  shows  that  Coulomb  screening  does  not  result  in  a  reduction 
of  the  exciton  oscillator  strength.  However,  the  bleaching  of  this  transition  associated  with 
unoccupied  subbands  shows  that  exciton  absorption  saturation  cannot  be  explained  in  terms 
of  PSF  alone.  In  order  to  obtain  more  information  about  the  different  contributions  to  the 
bleaching,  we  compare  the  excitation  density  dependence  of  the  peak  and  the  integrated 
transmission  change  at  the  ElHl  transition  (Fig.  2).  The  first  value  contains  contributions 
due  to  PSF  and  Coulomb  screening,  while  the  latter  is  given  by  PSF  only.  While  the  latter 
signal  increases  roughly  linearly  up  to  lO^^  cm‘2,  the  peak  value  shows  some  saturation 
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already  at  much  lower  densities.  This  different  density  dependence  suggests  that  pure 
broadening  by  Coulomb  screening  may  be  the  dominant  bleaching  mechanism  at  low 
carrier  densities,  while  PSF  becomes  more  important  with  increasing  density. 
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Figure  3:  Reduction  of  exciton  oscillator  strengths  after  excitation  resonant  with  the 

E2H2  transition 

The  effect  of  intersubband  carrier  relaxation  has  been  studied  in  a  MQW  sample  with  15 
nm  wells,  corresponding  to  a  electron  subband  splitting  of  50  meV.  The  sample  was  excited 
resonantly  at  the  E2H2  transition.  Approximately  half  of  the  pump-created  carriers  are 
excited  into  the  second  electron  and  hole  subbands.  Figure  3  presents  the  temporal 
evolution  of  the  integrated  transmission  changes  at  the  ElHl,  E2H2  and  E3H3  transitions. 
As  shown  above,  these  are  a  measure  of  the  carrier  density  in  the  respective  subbands.  The 
E3H3  exciton  shows  no  loss  of  oscillator  strength,  confirming  that  no  carriers  are  excited 
into  the  third  subbands.  The  bleaching  of  the  E2H2  exciton  shows  an  increase  during  the 
pump  pulse  and  a  subsequent  fast  relaxation  to  a  quasi- stationary  level.  Corresponding  to 
this  relaxation,  the  ElHl  exciton  shows  a  delayed  increase.  This  time  dependence  can  be 
well  explained  by  a  sub-picosecond  electron  intersubband  relaxation,  which  has  been  shown 
to  occur  for  subband  splittings  larger  than  the  LO  phonon  energy.^  From  fitting  the  data,  we 
determine  a  relaxation  time  constant  of  160  fs. 
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J.  Y.  Zhang 

Department  of  Physics,  Georgia  Southern  University,  Statesboro,  GA  30460,  USA 

K.  S.  Wong  and  G.  K.  Wong 

Department  of  Physics,  The  Hong  Kong  University  of  Science  and  Technology,  Kowloon,  HK 
and  Y.  R.  Shen 

Department  of  Physics,  University  of  CaUfomia,  Berkeley,  CA  94720,  USA 

It  is  well-known  that  the  second-order  nonlinear  effects,  such  as  second  harmonic  generation 
(SHG),  difference  frequency  generation  (DFG),  and  sum  frequency  generation  (SFG),  in  atomic  vapors  are 
theoretically  forbidden  by  symmetry  on  both  a  microscopic  level  because  the  indi  vidual  atoms  in  the  vapor 
do  not  possess  a  dipole,  and  on  a  macroscopic  level  because  the  atoms  are  isotropically  distributed. 
However,  SHG  is  vapor  was  first  observed  by  Mossberg  et  al^'J  in  T1  and  then  in  many  other  atomic 
vapors  and  some  noble  gases  by  other  groups.  Several  explanations  for  this  phenomenon  have  been 
presented.  A  model,  proposed  by  Mossberg  et  al.f  *1  and  later  modified  by  Bethune,i^l  attributes  it  to  a  dc- 
field,  which  is  created  by  laser-induced  multi-photon  ionization  and  spatially  separation  of  free  photo¬ 
electrons  from  the  heavier  ions  either  by  the  pondermotive  potential  of  the  laser  or  by  the  kinetic  energy  of 
photo-electrons  and  makes  SHG  allowed.  Such  a  model  is  most  commonly  accepted  thus  far,  although  it 
was  called  to  question  by  the  experimental  result  of  Zhang  et  al.t^l  in  which  there  was  no  correlation 
between  the  SHG  and  the  ionization  measured.  All  experiments  reported  so  far  have  been  carried  out  by 
using  either  nanosecond  or  picosecond  laser  pulses. 

We  report  here  the  first  femtosecond  SHG  in  vapor.  The  experimental  study  is  done  in  potassium 
vapor  using  femtosecond  pulses  from  a  mode-locked  Ti:  sapphire  laser.  The  output  of  the  laser  has  a 
quasi-Gaussian  beam  profile  with  a  pulse  width  of  100  femtoseconds  and  a  repetition  rate  of  72  MHz.  The 
output  power  is  split  into  two  parts,  30%  as  the  probe  beam  and  70%  as  the  pump.  Before  focusing,  two 
beams  are  parallel  and  separated  by  about  1-cm.  They  are  then  focused  by  a  lens  with  f=20-cm  and 
overlapped  near  the  focal  point  at  an  angle  of  ~0.1  rad.  The  temporal  and  spatial  overlaps  of  the  two 
beams  are  examined  and  optimized  by  sum  frequency  generation  (SFG)  in  a  1-mm  thick  BBO  crystal  at 
the  focus.  The  optical  delay  between  the  pump  and  the  probe  can  be  adjusted  by  a  computer-controlled 
stepping-motor-driven  translational  stage  with  a  resolution  of  6.7  fs/step.  The  K  vapor  is  prepared  by  a 
heat-pipe  and  protected  by  30-50  torr  of  He.  The  K  vapor  pressure  can  be  controlled  from  0. 1  to  20  torr. 
The  pumping  power  can  be  further  adjusted  by  a  Glan-prism.  The  SHG  generated  from  the  pump  and  the 
probe  can  be  analyzed  separately.  The  detection  of  the  SHG  is  through  a  0.5-m  spectrometer  and  a  CCD 
detector  cooled  to  the  liquid  nitrogen  temperature.  The  experimental  set-up  is  shown  in  Figure  1. 

Narrow  band  SHG  (with  a  bandwidth  of  about  0.35  nm)  at  364.2  nm  can  be  detected  in  the 
forward  direction  when  the  broad  band  (about  8  nm)  Ti:  Sapphire  laser  pulses  are  focused  into  the  heat- 
pipe  and  tuned  to  the  atomic  3s-4d  two-photon  resonance  of  potassium.  The  SHG  signal  level  is  rather 
week  and  has  roughly  the  same  polarization  as  the  pump.  Under  the  optimum  condition  (vapor  pressure  of 
10  torr  and  pumping  intensity  of  5x10^  w/cm^)  it  is  about  one  count  per  million  pump  pulses.  The  four- 
wave  mixing  output  around  405  nm  resulting  from  mixing  of  two  laser  photons  and  the  IR  photon 
generated  from  the  hyper-Raman  process  4d— >5p  is  also  observed  and  is  found  to  be  more  than  two 
orders  of  magnitude  stronger  than  the  SHG  component. 

One  may  suspect  that  such  a  low  SH  signal  could  be  the  disguise  of  a  signal  from  collision 


*The  experimental  work  is  carried  out  in  The  Laser  and  Photonics  Laboratory,  Physics  Dept.,  HKUST,  HK 


169 


induced  hype  Rayleigh  scattering  or  two-photon-induced  fluorescence.  However,  we  have  found  that  the 
SH  output  is  highly  directional,  proportional  to  the  square  of  potassium  vapor  density,  and  dependent  on 

the  pump  laser  mtep.sity  with  oc  The  latter  result  is  descried  in  Fig.  2.  No  appreciable  SHG  is 

detected  when  the  pump  is  below  25  mW.  Thus,  the  observed  SHG  appears  to  be  a  generic  coherent 
nonlinear  optical  process. 


Fig.  1.  Experimental  arrangement  for  femtosecond 
second  harmonic  generation  in  potassium  vapor 


Laser  Power  (mW) 


Fig.  2  Dependence  of  SHG  signal  on  the  pump 
power.  A  laser  power  of  100  mw  is  equivalent 
to  a  peak  intensity  of  5x107  W/cm2  at  the  focus. 


We  have  studied  the  effect  of  the  strong  pump  beam  on  SHG  from  the  weak  probe  beam.  The 
intensity  of  the  probe  beam  is  so  adjusted  that  with  our  detection  sensitivity  the  SHG  signal  generated  by 
the  probe  beam  alone  is  hardly  detectable.  Then  the  strong  pump  beam  is  added  and  the  SHG  induced  by 
the  pump  in  the  direction  of  the  probe  is  measured.  The  effect  of  the  pump  on  the  probe  is  examined  as  a 
function  of  time-delay  (positive  and  negative).  It  is  found  that  SHG  signal  reaches  the  maximum  around 
zero-delay.  The  result  is  presented  in  Figure  3.  At  longer  delays,  the  signal  drops  to  -40%  of  the 
maximum.  The  lov/er  level  SHG  signal  disappears  completely  when  the  pump  beam  is  blocked. 


170 


Time  Delay  (fs) 

Fig.  3  SHG  from  the  probe  beam  as  a  function 
of  time  delay.  A  negative  time  delay  means  that 
the  pump  pulse  comes  after  the  probe  pulse. 


The  pump-and-probe  result  indicates  that  the  pump-induced  SHG  has  a  very  fast,  nearly 
instantaneous,  response  as  well  as  a  more  slowly  varying  component.  This  is  very  similar  to  the  result 
obtained  by  picosecond  pulsel'^l.  It  can  be  understood  as  coherent  transient  dc-field-induced  SHG  with  the 
dc-field  generated  by  multiphoton  ionization.  Obviously,  the  femtosecond  pulse  excitation  of  atomic 
resonances  necessarily  requires  the  consideration  of  the  coherent  transient  process  in  the  SHG,  as  has  been 
used  to  explain  resonant  SHG  in  potassium  vapor  pumped  by  picosecond  pulsest'^l.  The  result  could  be 
also  affected  by  the  continual  presence  of  some  degree  of  ionization  in  the  medium  due  to  continuous 
excitations  by  high-repetition-rate  mode-locked  laser  pulses.  Further  measurements  are  being  carried  out 
to  more  closely  identify  the  responsible  mechanism. 
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Dephasing-induced  nonlinear  vibrational 
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Advances  in  infrared  laser  technology  have  made  it  possible,  for  the  first  time,  to  per¬ 
form  nonlinear  optical  experiments  directly  on  IR-active  molecular  vibrational  modes. [1] 
As  a  result,  we  are  only  just  beginning  to  appreciate  the  profound  difference  between  the 
nonlinear-optical  behavior  of  electronic  states  and  of  vibrational  states.  Here  we  present 
an  analysis  of  IR  nonlinear  optical  experiments  that  predicts  a  wealth  of  new,  dephasing- 
induced  signals  that  provide  unique  information  about  the  interactions  between  molecular 
vibrations  and  their  surroundings.  We  also  make  a  connection  between  our  predictions  and 
echo  phenomena  observed  in  anharmonically- coupled  classical  oscillators. 

It  has  been  predicted  that  nonlinear-optical  signals,  such  as  photon  echoes,  cannot  be 
generated  from  a  quantum  harmonic  oscillator  that  is  linearly  coupled  to  a  harmonic  bath.  [2] 
This  phenomenon  is  a  direct  consequence  of  a  complete  destructive  interference  between  the 
different  quantum-mechanical  wave-mixing  pathways  that  contribute  to  the  signal.  Similar 
interferences  are  well  known  in  nonlinear-optical  experiments  invloving  electronic  transitions; 
however,  such  interferences  can  be  broken  by  pure  dephasing,  leading  to  so-called  extra 
resonances.  [3]  This  suggests  that  dephasing  processes  must  be  taken  into  account  carefully 
in  the  analysis  of  purely  vibrational  nonlinear  optical  experiments. 

A  detailed  analysis  of  a  quantum  oscillator  coupled  to  a  heat  bath  reveals  that  both 
lifetimes  and  pure-dephasing  rates  are  highly  dependent  on  vibrational  quantum  number. 
For  a  harmonic  oscillator,  the  relative  population  relaxation  rates  from  various  quantum 
states  and  the  relative  pure-dephasing  rate  of  coherences  between  various  quantum  levels 
can  be  calculated  directly.  As  a  consequence  of  these  quantum-number-dependent  dephasing 
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processes,  the  abovementioned  quantum  interference  is  readily  broken,  creating  dephasing- 
induced  vibrational  nonlinear-optical  signals. 

We  consider  three  different  third-order  nonlinear  spectroscopies  performed  on  harmonic  os¬ 
cillators.  Two  are  in  the  time  domain,  photon  echoes  (PE)  [1]  and  transient  gratings  (TG),[4] 
and  one  is  in  the  frequency  domain,  nearly-degenerate  four-wave  mixing  (NDFWM).[5]  In 
each  case,  a  quantum  interference  arises  from  Liouville- space  pathways  involving  excited- 
state/excited-state  absorption  at  the  third  interaction,  and  we  find  new  dephasing-induced 
phenomena. 

In  a  PE,  the  signal  is  produced  some  delay  time  after  the  third  interaction.  During  this 
time,  different  mixing  pathways  involve  coherences  between  different  vibrational  quantum 
levels.  It  is  only  when  these  coherences  dephase  at  the  same  rate  that  the  quantum  interfer¬ 
ence  is  complete.  However,  as  noted  above,  both  population-relaxation  and  pure-dephasing 
rates  are  dependent  on  the  quantum  number.  At  zero  delay  between  pulses,  there  is  no  time 
for  dephasing  to  occur,  and  the  interference  is  expected  to  be  complete.  However,  as  the 
delay  time  is  scanned,  the  signal  builds  in  with  the  faster  of  the  two  vibrational  dephasing 
time  and  decays  with  the  slower,  revealing  extra  information  about  the  vibrational  dephasing 
process. 

In  the  TG,  the  delay  time  is  between  the  second  and  third  interactions,  and  the  signal 
comes  out  beginning  immediately  after  the  third  interaction.  The  sample  is  able  to  radiate 
the  signal  for  a  time  on  the  order  of  the  vibrational  dephasing  time  T2.  The  diffracted 
signal  following  an  infinitesimally  short  probe  pulse  is  initially  zero,  builds  in  as  the  different 
vibrational  dephasing  rates  destroy  the  quantum  interference,  and  decays  with  the  slower  T2 
of  the  0-1  vibrational  coherence. 

In  NDFWM  one  again  expects  to  see  no  signal  unless  there  exists  quantum- number- 
dependent  dephasing.  Both  the  strength  and  shape  of  the  signal  will  be  dependent  on  the 
relative  dephasing  rates,  again  yielding  extra  information  about  the  nature  of  the  dephasing 
processes. 

Finally,  we  point  out  interesting  parallels  between  the  IR  echo  and  echo  phenomena  that 
occur  in  classical  anharmonic  oscillators. [6]  This  class  of  echoes  has  been  observed  in  acoustic 
waves  in  piezoelectric  powders  [7],  as  well  as  in  a  cold  plasma  in  a  cyclotron  [8] .  It  is  thus 
instructive  to  consider  a  classical  description  of  the  IR  experiment,  in  which  the  echo  arises 
from  anharmonicity  either  in  the  vibration  or  in  its  coupling  to  other  intramolecular  or 


173 


intermolecular  modes.  Several  important  features  of  the  classical  echo  are  derived  in  Ref. 
[7];  (1)  fourth-order  anharmonicity  is  the  lowest-order  source  of  the  echo;  (2)  multiple  echoes 
occur;  and  (3)  the  echo  intesity  is  null  at  zero  delay  time  and  builds  to  a  maximum  at  a 
later  delay  time,  before  decaying  away.  We  examine  the  behavior  of  a  classical  system  of 
two  coupled  modes  of  the  same  frequency,  where  only  one  mode  is  IR  active.  The  coupling 
between  the  modes  is  cubic  in  the  active  coordinate  and  linear  in  the  dark  coordinate.  A 
perturbative  treatment  of  this  system  predicts  that  echo  behavior  will  occur.  The  phase 
memory  of  the  active  mode  is  stored  in  the  dark  mode  until  recalled  by  the  “read  pulse”. 
Thus,  intramolecular  vibrational  scattering  can  be  the  source  of  the  anharmonicity  that 
causes  the  dephasing-induced  echo.  IR  echoes  are  therefore  a  sensitive  probe  of  anharmonic 
coupling  between  intramolecular  modes,  as  well  as  of  the  intermolecular  interactions  noted 
above. 

References 

[1]  D.  Zimdars,  A.  Tokmakoff,  S.  Chen,  S.  R.  Greenfield,  M.  D.  Payer,  T.  I.  Smith,  and  H. 
A.  Schwettman,  Phys.  Rev.  Lett.  70,  2718  (1993). 

[2]  Y.  Tanimura  and  S.  Mukamel,  J.  Chem.  Phys.  99,  9496  (1993). 

[3]  L.  Rothberg,  Progress  in  Optics  24,  39  (1987). 

[4]  H.  J.  Eichler,  P.  Gunter,  and  D.  W.  Pohl,  Laser-Induced  Dynamic  Gratings  (Springer- 
Verlag,  Berlin,  1986). 

[5]  A.  R.  Bogdan,  M.  W.  Downer,  and  N.  Bloembergen,  Opt.  Lett.  6,  348  (1981). 

[6]  R.  W.  Gould,  Phys.  Lett.  19,  477  (1965). 

[7]  K.  Fossheim,  K.  Kajimura,  T.  G.  Kazyaka,  R.  L.  Melcher,  and  N.  S.  Shiren,  Phys.  Rev. 
B17,  964  (1978);  K.  Kajimura  in  Physical  Acoustics^  v.  16  (Academic,  New  York,  1982), 
W.  P.  Mason  and  R.  N.  Thurston,  eds.,  and  references  therein. 

[8]  R.  M.  Hill  and  D.  E.  Kaplan,  Phys.  Rev.  Lett.  14,  1062  (1965). 


174 


7:50pm  -  8:05pm 
TUC3 

Nonlinear  Contributions  in  Intracavity  Dispersion  Measurements 
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Current  state-of-the-art  Ti:Sapphire  laser  systems  operate  in  a  dispersion-limited  regime  at 
around  10  fs  pulsewidth  [1].  This  remarkable  progress  has  been  made  as  a  result  of  intracavity 
dispersion  optimization,  as  initial  results  in  self-focusing  modelocking  produced  pulses  of  ~90 
fs  duration  [2].  The  recently  developed  technique  of  Frequency-Domain  Dispersion  (FDD)  can 
provide  measurements  of  the  complete  intracavity  group  delay  under  operating  conditions  [3]. 
Since  dispersion  is  a  linear  optical  property,  one  might  wonder  whether  it  is  meaningful  to 
measure  the  dispersion  inside  a  nonlinear  system  while  it  is  operating.  In  this  paper,  we  discuss 
the  magnitude  and  origin  of  nonlinear  corrections  to  the  measured  intracavity  group  delay  in 
FDD  measurements.  We  also  raise  the  general  questions  -  (a)  since  a  modelocked  laser  is  a 
nonlinear  optical  system,  is  it  correct  to  measure  its  dispersion  when  it's  lasing  ?  ;  and  (b)  since 
a  modelocked  laser  is  a  nonlinear  system,  is  it  correct  to  measure  the  dispersion  when  it's  not 
lasing  ? 


Wavelength  (nm)  Wavelength  (nm) 


Figure  1.  Measurement  system  for  Frequency-Domain  Dispersion  measurements.  A  modelocked 
laser  is  tuned  and  its  repetition  rate  is  measured  at  each  operating  wavelength:  (a)  frequency  change 
and  (b)  corresponding  group  delay  change  for  laser  containing  SF-10  prisms. 
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Figure  1  shows  the  method  of  FDD  [3]  applied  to  measurement  of  dispersion  in  a 
modelocked  Ti:Sapphire  laser.  The  laser  is  tuned  and  its  repetition  rate  is  counted  with  a  digital 
frequency  counter  at  each  wavelength.  Figure  1  also  shows  typical  data  for  cavity  repetition  rate 
(a)  and  the  conversion  to  group  delay  variation  (b).  The  group  delay  typically  varies  by  a  few 
hundred  femtoseconds  as  the  laser  is  tuned  over  a  70  nm  bandwidth.  This  method  yields  a 
complete  characterization  of  the  group  delay.  This  function  can  be  fitted  and  integrated  to  yield 

the  frequency  dependence  of  the  phase  <I>(co). 

There  are  several  possible 
nonlinear  contributions  to  these 
signals.  First,  the  nonlinear 
index  of  refraction  that  is 
responsible  for  bulk  self- 
focusing  itself  makes  the  cavity 
length  intensity-dependent.  For  a 
nonlinear  phase  of  n  radians 
which  is  typical  for  Ti:Sapphire 
lasers,  the  group  delay  would  be 
increased  by  one  optical  period, 
or  3  fs  maximum.  Secondly,  if 
there  is  a  cubic  phase  term  in  the 
cavity  then  the  mean  group  delay 
becomes  dependent  on  the  pulse 
bandwidth  -  which  is  intensity- 
dependent  through  the 
nonlinearity  of  the  modelocking 
mechanism.  This  is  illustrated 
in  Figure  2.  Figure  2a  shows 
that  a  broad  band  (20  fs)  pulse 
exhibits  a  mean  group  delay  that 
is  averaged  over  the  cavity  group 
delay  curve,  however  for  a 
longer  pulse,  the  group  delay  is 
almost  exactly  equal  to  the  group  delay  at  the  center  frequency  (Figure  2b).  Figure  2c  shows  the 
shift  of  the  mean  group  delay  as  a  function  of  pulsewidth  for  a  cavity  containing  SFIO  prisms. 
Thus,  if  the  pulsewidth  is  kept  longer  than  100  fs  or  so,  this  error  group  delay  shift  is  less  than 
a  few  femtoseconds.  Both  the  explicit  nonlinearity  and  this  cubic  phase  effect  therefore  do  not 
affect  the  dispersion  parameter  D  =  dT/dX  unless  the  pulsewidth/bandwidth  widely  varies 
during  a  dispersion  scan.  Figure  3  summarizes  this  situation.  We  note  that  the  filtering  action 
that  is  required  to  obtain  long  pulses  can  introduce  dispersion  as  well. 

As  a  check  on  the  role  of  nonlinearities  in  FDD  measurements,  we  insert  some  adjustable 
loss  into  the  cavity  and  monitor  the  repetition  rate.  Figure  4  shows  that  as  the  intracavity  power 
is  reduced  by  introducing  some  adjustable  loss,  the  cavity  repetition  rate  is  not  measurably 
shifted.  In  principle  further  nonlinearity  could  be  observed  in  the  explicit  dependence  of  the 
dispersion  parameter  on  the  intensity.  This  is  equivalent  to  the  'shock'  term  in  nonlinear  pulse 


200  fs 


Wavelength - >■ 


Figure  2.  (a)  A  20  fs  pulse  chooses  a  mean  group  delay  that  is 
averaged  over  its  very  large  bandwidth,  (b)  a  1  ps  pulse  propagates 
with  a  group  delay  that  is  very  close  to  the  group  delay  at  the  center 
wavelength,  (c)  The  net  effect  is  that  if  the  pulsewidth  varies  as  a 
result  of  nonlinearity  in  the  cavity  as  the  laser  is  tuned,  a  time  error  is 
introduced. 
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propagation  in  fibers.  This  confirms  that  for  Ti:Sapphire  lasers  -  these  nonlinearities  contribute 
less  than  a  few  femtoseconds  correction  to  the  group  delay  [4]. 


Cubic  phase  error  ^ 
changes  group  delay 
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Bandwidth  changes 


Gain,  loss  and  D  change 
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Figure  3.  Summary  of  role  of  nonlinearity  coupled  with  cubic  phase  term  in 
producing  possible  errors  in  intracavity  dispersion  measurements.  These  errors  can  be 
minimized  by  using  long  pulses  for  FDD  measurements. 

Recently,  a  new  technique  for  measuring  intracavity  dispersion  has  been  introduced  [5].  In 
this  approach,  the  laser  is  maintained  below  threshold  and  the  amplified  spontaneous  emission 
(ASE)  is  cross-correlated  with  itself  after  propagating  through  the  cavity  one  round  trip.  The 
result  is  a  complete  measurement  of  the  intracavity  dispersion  in  a  regime  in  which  the  laser  is 
not  lasing.  In  contrast  to  FDD,  this  technique  only  works  when  the  laser  is  not  lasing,  since  it 
requires  a  broadband  ASE  to  obtain  the  group  delay  resolution.  When  applied  to  laser  diodes, 
some  dependence  of  the  group  delay  with  injection  current  was  noted  [5].  In  such  a  case,  it  is 
likely  that  the  intracavity  dispersion  will  be  different  when  the  laser  is  above  threshold.  In 
semiconductors  lasers,  the  carrier  distribution  changes  strongly  with  injection  current,  thus 
800-,  changing  the  index  of  refraction  of  the 

~  waveguide,  and  the  intracavity  dispersion. 

^  600-  Then,  what  is  the  correct  cavity  dispersion  to 

§  400-  (a)  X  describe  the  operation  of  the  laser  above 

o  threshold,  and  what  is  the  best  way  to  measure 

g  200-  it  7  Also,  what  goes  into  the  theory  ? 
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Figure  4.  Effect  of  introducing  intracavity  loss  and 
lengthening  pulsewidth  on  (a)  cavity  repetition  rate 
and  (b)  equivalent  change  in  group  delay.  No  change 
is  detected. 
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Recently,  we  developed  a  simple  and  general  technique,  which  we  call 
Frequency-Resolved  Optical  Gating  (FROG),  that  succeeds  in  measuring  the  full  in¬ 
tensity  and  phase  evolution  of  an  individual,  arbitrary  ultrashort  pulse.^'^  In  brief, 
FROG  involves  measuring  the  pulse  spectrogram,  i.e.,  the  spectrum  of  the  signal 
pulse  in  an  auto-  or  cross-correlation  using  any  instantaneous  nonlinearity,  yielding 
signal  intensity  vs.  delay  and  frequency.  This  trace  can  then  be  shown  to  fully  and 
uniquely  characterize  the  pulse — the  pulse  extraction  problem  is  equivalent  to  two- 
dimensional  phase  retrieval,  a  solved  problem  from  image  science. 

In  previous  work,  we  have  demonstrated  FROG  on  a  single-shot  basis  in  the 
visible  and  ultraviolet  using  a  polarization-gate  (PG)  beam  geometry,  where  a  newly 
improved  version  of  our  phase-retrieval  algorithm  operates  reliably  and  quickly 
and  without  ambiguity,  even  in  the  presence  of  significant  amounts  of  noise.^  In 
this  work  with  lower-intensity  pulses,  however,  we  utilize  (multi-shot)  self-diffrac¬ 
tion  (SD)  and  second-harmonic-generation  (SHG)  FROG  arrangements,  for  which 
all  previously  published  algorithms^'^  are  unreliable.  As  a  result,  we  have  made 
significant  improvements  to  these  algorithms  for  these  arrangements,  including  the 
use  of  least-squares  optimization,  generalized  projections,  Weiner-filtering,  and  a 
variety  of  other  techniques.  We  report  significantly  improved  performance,  espe¬ 
cially  for  SHG  FROG. 

We  have  also  performed  an  in-depth  study,  using  SHG  FROG,  of  the 
operation  of  a  Kerr-lens-mode-locked  TirSapphire  oscillator.  We  have  fully  charac¬ 
terized  the  output  train  of  ~100-fsec,  ~2.5-nJ  pulses  for  a  wide  range  of  operating 
parameters,  obtaining  the  pulse  intensity  and  phase  evolutions  as  a  function  of  the 
lasing  wavelength  and  the  amount  of  glass  in  the  cavity.  For  most  stable  operating 
modes,  we  typically  find  little  higher-order  phase  distortion.  For  operation  with 
much  glass,  we  find  almost  pure  cubic  chirp.  When  some  linear  chirp  is  present,  we 
typically  also  find  that  chirp  of  the  opposite  sign  occurs  in  the  wings  of  the  pulse. 

Figure  1  shows  a  typical  SHG  FROG  trace  for  the  pulse  train  from  the 
TirSapphire  laser  oscillator.  Recall  that,  using  SHG  FROG,  the  trace  is  necessarily 
symmetrical  in  delay  and,  as  a  result,  has  ambiguity  in  the  direction  of  time.  Thus, 
unlike  PG  FROG,  which  directly  yields  a  frequency-vs.-time  plot  of  the  pulse,  SHG 
FROG  traces  require  running  the  algorithm  in  order  to  obtain  usable  information 
regarding  the  pulse.  Fortunately,  the  SHG  FROG  algorithm  is  fairly  robust 
(although  not  as  robust  as  our  PG  IROG  algorithm),  and  the  intensity  and  phase  de¬ 
rived  for  the  above  FROG  trace  are  shown  in  Fig.  2.  Figure  3  shows  a  careful  com¬ 
parison  of  the  derived  pulse  fields  with  independently  taken  pulse  autocorrelations 
and  spectra,  indicating  excellent  agreement  between  autocorrelations  and  spectra 
calculated  for  the  derived  pulses  and  these  experimental  measurements.  Note  that 
the  intensity  is  smooth  and  that  a  small  amount  of  residual  quadratic  phase  (linear 
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chirp)  is  present,  although  it  is  not  possible  to  determine  whether  it  is  positive  or 
negative  due  to  the  time-direction  ambiguity.  Note  also  that,  in  the  wings  of  the 
pulse,  the  sign  of  chirp  has  the  opposite  sign.  This  is  a  common  feature  of  these 
TirSapphire  laser  pulses.  It  is  reasonable  in  view  of  the  self-phase  modulation  and 
compression  occurring  in  the  laser. 

While  the  laser  generally  produced  pulses  similar  to  that  shown  above,  it 
was  also  possible  to  obtain  more  complex  pulses  when  much  intracavity  glass  was 
inserted  in  the  beam.  Figure  4  shows  a  FROG  trace  with  considerable  structure. 
This  structure  is  indicative  of  spectral  cubic  chirp.  We  have  recovered  this  pulse's 
intensity  and  phase  evolution  from  its  FROG  trace  (see  Fig.  5).  It  is  shows  the 
intensity  structure  and  phase  jumps  representative  of  cubic  phase  vs.  frequency.^ 
Figure  6  shows  the  spectrum  and  phase  in  the  frequency  domain,  where  the  cubic 
phase  dependence  vs.  frequency  is  more  evident. 

In  conclusion,  while  FROG  has  already  been  shown  to  be  effective  for  mea¬ 
suring  ultrashort  pulses  of  energy  greater  than  about  1  pj,  we  believe  that,  with  this 
work,  we  are  close  to  achieving  with  FROG  a  very  simple  and  general  diagnostic  for 
low-energy  ultrashort  pulses,  as  well.  In  addition,  our  study  of  the  Ti:Sapphire  oscil¬ 
lator  should  shed  light  on  the  dynamics  of  the  mode-locking  process  in  this  laser. 
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Experimental  Spectrum 


Figures.  Comparison  of  the  derived  and  inde¬ 
pendently  measured  intensity  autocorrelation  and 
spectrum  of  the  pulse  in  Figs.  1  and  2.  Agreement 
is  excellent. 
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Figure  4.  SHG  FROG  trace  for  a  train  of  pulses 
from  a  Ti:Sapphire  laser  exhibiting  cubic  phase 
vs.  frequency.  Note  the  characteristic  parabolic 
group  delay  vs.  frequency  (which  is  sjunmetrized 
in  this  SHG  FROG  trace  due  to  the  time-reversal 
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The  nonlinear  interaction  of  a  short  laser  pulse  with  neutral  gases  gives  rise  to 
very  high-order  odd  harmonic  generation  [1].  Coherent  radiation  wavelengths  as  short 
as  7.8  and  7.4  nm  have  been  obtained  in  Ne.  corresponding  respectively  to  the  135th 
harmonic  generated  by  a  Nd-glass  laser  at  1053  nm  [2]  and  the  109th  harmonic 
generated  by  a  Ti-sapphire  laser  at  806  nm  [3].  The  laser  intensity  used  was  in  the 
1  o'!  4-1  o'*  5  W/cm^  range  depending  on  the  atomic  species,  the  laser  wevelength  and 
pulse  duration. 

The  subpicosecond  laser  pulse  is  focused  into  a  pulsed  gas  jet  which  has  an 
atomic  density  of  about  10'*^  cm'^  in  the  interaction  region.  The  VUV  light  generated 
in  the  nonlinear  interaction  with  the  atomic  medium  is  analyzed  along  the  laser  axis  by 
using  a  grating  monochromator.  The  harmonic  spectrum  has  a  characteristic  universal 
shape.  The  yield  of  the  first  few  harmonics  drops  rapidly,  then  it  exhibits  a  plateau 
where  all  the  harmonics  have  nearly  the  same  strength.  Finally  the  harmonic  spectrum 
ends  with  a  sharp  cut-off.  The  highest  harmonic  order  produced  depends  on  the 
highest  laser  intensity  seen  by  the  atom  before  ionization  occurs. 

An  important  insight  into  the  physical  understanding  of  the  cut-off  has  recently 
been  given  using  a  semi-classical  approach  [4,  5].  In  the  single-atom  response  the 
maximum  energy  of  the  emitted  harmonic  photons  is  :  Ej  +  3.2  Ep,  where  Ej  is  the 
atomic  ionization  energy  and  Ep  the  quiver  energy  of  the  electron  in  the  laser  field. 
When  propagation  effects  and  phase  matching  are  taken  into  account,  the  cut-off 
value  is  about  Ej  +  2Ep  in  good  agreement  with  experimental  results  [6]. 

Harmonics  in  the  XUV  range  are  generated  with  very  high  spectral  brightness 
because  of  the  ultrafast  subpicosecond  pulse  duration  and  small  transverse 
dimensions  of  the  XUV  beam. 

It  is  also  of  interest  to  consider  the  high-order  harmonic  spectrum  in  the  time 
domain.  The  Fourier  transform  of  a  comb  of  harmonics  of  similar  amplitude,  as  in  the 
plateau,  and  extending  over  50  eV  should  give  rise  to  a  train  of  extremely  short 


duration  pulses  (10“''^  -  10"''®  sec)  if  all  the  harmonics  have  the  same  phase 
relationship.  If  harmonics  have  non-ideal  phases,  the  subpicosecond  envelope  will 
have  about  30  attosecond  substructures. 

Recent  compact  terawatt  laser  sources  are  capable  of  producing  focused 
intensity  of  about  10''^  w/cm^.  At  such  high  intensity  the  quiver  electron  velocity 
becomes  relativistic.  The  nonlinearities  in  the  relativistic  quiver  motion  are  expected  to 
generate  harmonics  of  the  incident  laser  field.  We  present  preliminary  results  on  the 
3rd,  5th  and  7th  harmonics  produced  in  a  weakly  relativistic  hydrogen  plasma  by  a 
1  psec  terawatt  laser  pulse  at  1053  nm. 
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Certain  memory  applications  based  on  photorefractive  media  require  the  ability  to  conveniently 
fix  holograms.  An  attractive  alternative  is  to  sufficiently  prolong  the  readout  time.  Low  photo¬ 
excitation  at  long  wavelength  augmented  by  self-diffraction  can  increase  readout  time  by  a  few  or¬ 
ders  of  magnitude.  The  interaction  of  the  writing  and  readout  waves,  both  of  the  same  wavelength, 
with  the  photorefractive  space  charge  field  has  been  investigated  theoreticaUy  [1]  and  experimen¬ 
tally  [2].  Dynamics  of  beam  couphng  and  self  diffraction,  in  certain  geometries,  can  lead  to  an 
initial  increase  followed  by  non-exponential  decay  of  the  diffracted  signal  during  readout  [3].  Here 
we  study  how  the  difference  in  gain,  lifetime,  photoexcitation  and  absorption  at  different  wave¬ 
lengths  -  which  require  changing  incident  angles  to  satisfy  the  Bragg  condition  -  affect  the  decay 
dynamics  of  photorefractive  gratings. 

Initially,  gratings  are  written  with  two  plane  waves  of  intensities  Ig^j  and  Ig2f  at  514.5  nm  in  a 
0.6  X  0.5  X  0.6  mm  SBN:60  crystal.  The  gratings  are  then  read  out  either  at  514.5  nm  or  632.8 
nm,  each  in  four  different  geometries  as  shown  in  Fig.  1.  These  experiments  have  been  carried  out 
for  several  beam  ratios,  m  =  Igif/Ig2f.  Energy  transfer  from  the  weak  beam  to  the  strong  beam 
results  in  a  grating  ampHtude  that  is  maximum  at  z  =  0  and  decreases  for  increasing  z.  Readout 
with  the  forward  propagating  514.5  nm  beam  in  the  gain  direction  leads  to  an  initial  increase  and 
then  decay  of  the  diffracted  signal  (Fig.  2).  This  occurs  because  the  Hght  diffracted  from  the  front 
of  the  crystal  interferes  with  the  readout  beam,  writing  another  photorefractive  grating  where  the 
original  grating  is  weak.  With  time,  the  erasure  proceeds  from  z  =  0  to  z  =  d  with  the  maximum 
propagating  through  the  crystal  resulting  in  a  prolonged  readout.  Readout  with  the  counterprop- 
agating  Igi^.  beam  leads  to  a  rapid,  monotonic  but  non-exponential,  erasure  of  the  grating  due  to 
very  weak  diffraction  from  the  initial  interaction.  Readout  in  the  loss  direction,  that  is  with  Igij  or 
dg2c',  leads  to  new  gratings  that  are  tt  out  of  phase  with  the  existing  grating  and  therefore  an  even 
more  rapid  decay  of  the  diffracted  signal.  Qualitatively  similar  behaviour  is  observed  for  readout 
with  the  long  wavelength  (632.8  nm)  but  quantitatively  the  behaviour  is  quite  different  both  in 
time-scale  and  in  the  details  of  the  dynamics. 

The  simultaneous  numerical  solutions  [4]  to  the  coupled  wave  equations  and  the  differential  equa¬ 
tion  for  the  first  harmonic  of  the  space  charge  field  for  small  modulation  approximate  the  observed 
behaviour  [2],  Figure  3  shows  the  time  dependence  of  the  diffracted  signal  during  readout  at  632.8 
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nm  for  different  configurations.  We  show  fairly  good  agreement  between  experiments  and  theory 
using  parameters  determined  from  experiments  and  supplemented  with  those  available  in  the  lit¬ 
erature  [5].  We  have  neglected  the  affect  of  beam  fanning  in  our  modeling. 

The  details  of  the  erasure  dynamics  depend  significantly  on  the  writing  beam  ratio  and  the  readout 
geometry.  If  the  pump  couples  energy  to  the  weak  beam,  the  maximum  index  amplitude  is  found 
at  approximately  the  center  of  the  crystal  resulting  in  non-monotonic  erasure  in  both  forward  and 
counter  propagating  geometries.  We  propose  a  simple  intuitive  and  physical  interpretation  of  the 
above  results.  These  ideas  can  be  used  in  novel  ways  to  substantially  increase  the  readout  time  -  3 
to  4  orders  of  magnitude  by  employing  the  appropriate  readout  geometry  and  wavelength. 

This  research  has  been  supported  in  part  by  the  Advanced  Research  Projects  Agency  through 
contract  number  N00014-92-J-1903.  The  authors  thank  R.  Neurgaonkar  for  providing  the  SBN;60 
crystal. 
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Figure  1  :  Various  readout  geometries  used  in  the  experiment.  In  the  subscripts  “g”  refers  to 
green  (514.5  nm),  “r”  refers  to  red  (632.8  nm),  “1”  and  “2”  refer  to  the  two  directions,  “f”  referes 
to  forward  and  “c”  to  counter  propagating  geometry.  For  incoherent  erasure,  beam  7^2/  is  used  as 
a  probe  in  the  presence  of  linco-  of  approximately  9°  leads  to  a  grating  period  of  ~  0.9  /rm. 
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Summary  of  Presentation: 

When  laser  pulses  of  high  peak  powers  are  incident  on  tissue,  nonlinear  processes  can 
be  observed  as  the  pulses  propagate  through  the  tissue.  Some  of  the  processes  are 
relatively  benign  altering  only  the  amplitude  and  phase  of  the  pulse  but  leaving  the  tissue 
relatively  unchanged.  Some  of  the  phenomena  are  much  more  destructive,  leading  to 
irreversible  tissue  damage.  Understanding  how  such  processes  occur  are  important  both 
to  laser  safety  research,  where  we  seek  to  set  exposures  that  will  not  damage  an 
individual  who  inadvertently  is  exposed  to  a  laser  beam,  and  to  medical  applications 
where  the  surgeon  intentionally  uses  the  laser  to  cause  tissue  damage  for  therapeutic 
effect.  It  is  important  to  quantitatively  correlate  the  laser  parameters  such  as  pulse  energy 
and  pulse  duration  to  the  amount  and  type  of  tissue  damage.  By  better  understanding  the 
biophysical  process  by  which  high  peak  power  laser  pulses  cause  damage  to  tissue,  the 
size  and  location  of  the  damage  site  can  be  better  controlled  as  well  as  the  peripheral 
damage  can  be  limited. 

Some  applications  of  nonlinear  responses  are  already  used  in  medicine.  Laser- 
induced  breakdown  is  routinely  used  to  cut  fibrous  tissue  such  as  the  posterior  capsule 
behind  the  lens  of  the  eye.  Ablative  processes  can  be  used  in  the  destruction  of  gall  and 
kidney  stones  and  the  removal  of  plaque  inside  arteries.  Several  dermatological 
techniques  such  as  tattoo  removal  and  removal  of  possible  melanomas  use  short  pulse 
lasers  that  generate  nonlinear  events. 

Currently,  lasers  are  commercially  obtainable  which  produce  sub-nanosecond  laser 
pulses  in  the  visible  and  near  infrared  spectral  regions.  These  wavelengths  easily 
propagate  in  the  eye  and  can  result  in  retinal  damage  and  functional  vision  loss  if 
appropriate  laser  protective  measures  are  not  used.  Unfortunately,  there  is  no  current  Air 
Force  or  national  laser  safety  standard  (ANSI  Z136.1-1993)  which  mandates  allowable 
exposures  for  pulses  shorter  than  1  ns  in  duration.  This  is  due  in  part  to  the  lack  of 
minimum  visible  lesion  (MVL)  data  to  support  standard  setting  for  pulse  durations  less 
than  one  nanosecond.  An  MVL  is  defined  as  the  amount  of  energy  necessary  to  produce 
a  barely  perceptible  change  in  the  irradiated  portion  of  the  retina.  The  MVL  threshold  is 
usually  presented  as  a  probability  of  producing  a  perceivable  change  in  the  retina  for  50% 
of  the  laser  pulses  (ED50)  and  this  data  forms  the  basis  of  the  data  used  to  set  laser  safety 
standards.  According  to  the  increasing  sub-nanosecond  MVL  data  basef^,  one  can 
conclude  that  extending  the  current  microsecond  to  nanosecond  constant-comeal-fluence- 
regime  ANSI  laser  safety  standard  to  shorter  pulse  durations  may  prove  to  be  imprudent. 
The  present  study  uses  concepts  of  nonlinear  optics  to  help  evaluate  ultrashort  laser 
exposures  and  attempts  to  understand  deviation  from  the  trends  in  MVL  data  seen  in  the 
femtosecond  to  microsecond  regime. 

We  first  consider  how  self-focusing  can  affect  the  propagation  of  ultrashort  laser 
pulses  in  the  eye.  To  assess  the  effect  that  nonlinear  propagation  may  have  in  ocular 
tissue  and  therefore  on  retinal  damage,  a  sensitive  and  accurate  method  of  determining 
the  nonlinear  optical  properties  in  this  media  is  required^.  As  a  logical  extension  of  the 
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z-scan  technique,  which  has  been  used  to  determine  the  nonlinear  optical  properties  for  a 
plethora  of  optical  materials'^>^’^,  low  112  aqueous  materials  are  investigated.  We  report 
the  nonlinear  refractive  index  (112  )  for  rabbit  cornea^,  human  and  rabbit  vitreous  humor, 
ultrahigh  purity  water,  and  physiological  saline  using  picosecond-visible  laser  pulses.  In 
the  z-scan  measurement,  self-action  effects  in  the  sample  as  a  function  of  z,  the 
propagation  direction,  cause  the  normalized  transmittance  spectrum  recorded  to  be 
characterized  by  either  a  minimum-maximum  or  maximum-minimum  signature 
corresponding  to  positive  and  negative  refractive  nonlinearities,  respectively.  Table  I 
summarizes  the  measured  112  values  for  several  relevant  ocular  and  optical  materials. 

We  apply  these  measured  n2  values  to  determine  the  effect  self  focusing  will  have  on 
laser  pulse  propagation  in  the  eye.  First  note  that  both  the  MVL  data  and  the  ANSI 
standard  above  one  nanosecond  show  two  general  trends.  For  exposures  longer  than  20 
jxs  there  is  a  region  where  near  constant  irradiance  (W/cm^)  is  required  for  retinal 
damage.  For  pulses  from  1  ns  to  20  |xs,  diffusion  of  heat  is  negligible  during  the  exposure 
and  the  fluence  (J/cm^)  required  for  retinal  damage  is  nearly  constant.  For  pulses  shorter 
than  one  nanosecond.  Roach  et  al.2  have  shown  a  decrease  in  the  amount  of  laser  fluence 
necessary  to  produce  laser  damage.  In  this  study  we  calculate  the  change  of  spot  size  and 
corresponding  changes  in  retinal  irradiance  due  to  nonlinear  propagation  in  the  eye.  We 
use  experimental  values  for  nonlinear  refractive  indices  measured  for  ocular  components 
with  relevant  pulse  durations^.  We  find  that  the  trend  toward  decreasing  pulse  energy 
incident  at  the  cornea  required  to  produce  retinal  damage  can  be  explained  in  part  by  the 
effects  nonlinear  propagation  has  on  the  spot  size  at  the  retina. 

The  z-scan  measurements  were  also  used  to  limit  the  magnitude  of  the  nonlinear 
absorption  coefficient  (P).  Nonlinear  absorption  can  also  be  measured  using  the  z-scan'^ 
technique  by  removing  the  aperture  before  the  detector  and  collecting  all  of  the 
transmitted  light.  Using  this  procedure,  no  nonlinear  absorption  was  measurable  for 
water,  saline  or  vitreous  humor.  Using  the  maximum  irradiance  used  in  these  absorption 
measurements  and  the  minimum  measurable  transmittance  change,  we  can  calculate  an 
upper  bound  on  the  value  for  the  nonlinear  absorption  coefficient  P  <  4  x  lO’^^  cm/W 
which  is  consistent  with  other  studies^.  This  value  leads  us  to  believe  that  nonlinear 
absorption  will  have  at  most  a  slight  effect  on  the  irradiance  at  the  retina. 


^2  (esu) 

[3ps,  580nm]* 

ng  (esu) 

[60ps,  532nm,  Ref  3] 

Rabbit  Cornea 

(2.5  +  0.8)  X  10  ■■'2 

Human  Vitreous 

(2.1  ±0.8)X  10'"'^ 

(1.4±0.4)X10 

Rabbit  Vitreous 

(4.3  ±  0.7)  X  10'^^ 

(2.7  +  0.6)  X  10 

Water 

(3.2  ±  1.7)  X  10 

(1.3  ±0.6)  X  10 

Saline  (0.9%) 

(3.2  +  0.9)X  lO’"'^ 

(1.8  + 1.3)  X  10 

*  tentative  data  analysis 


Several  other  nonlinear  phenomena  have  possible  effects  on  laser  retinal  damage 
studies.  We  have  measured  the  laser  induced  breakdown  thresholds  for  visible  ultrashort 
laser  pulses  from  several  nanoseconds  to  one  hundred  femtoseconds.  We  find  that  the 
threshold  for  this  phenomena  is  above  the  MVL  threshold  and  therefore  does  not  affect 
those  damage  studies,  but  LIB  probably  does  play  a  role  in  suprathreshold  damage  (e.g. 
hemorrhagic  lesions).  We  also  consider  group  velocity  dispersion,  continuum  generation 
and  other  critical  nonlinear  phenomena  and  their  possible  effects  on  retinal  laser  damage. 

We  conclude  that  the  application  of  nonlinear  optics  in  biophysics  was  essential  to 
fully  understand  trends  seen  in  laser  retinal  injury  for  ultrashort  laser  pulses.  Work  is 
continuing  to  determine  the  full  extent  to  which  the  various  phenomena  studied  affect 
laser  retinal  damage  and  the  interplay  between  nonlinear  optical  effects  and  other  changes 
in  damage  mechanisms. 
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Photorefractive  materials  offer  important  advantages  in  many  optical  holography  applications, 
hut  the  recorded  images  typically  remain  sensitive  to  light  and  therefore  erase  on  readout.  Thermal 
fixing  [1,  2],  electrical  fixing  [2^  3],  two-photon  absorption  during  grating  formation  in  the  presence 
of  a  sensitizing  wavelength  [2,  4],  and  system-level  image  refreshing  procedures  [2,  -5,  6]  have  been 
used  to  sustain  the  recorded  image  during  replay.  We  propose  and  demonstrate  a  novel  two-tone 
hoh>graphy  approach  that  overcomes  the  unfavorable  speed  and  poor  diffraction  efficiency  of  the 
thermal  and  electrical  fixing,  the  complexity  of  refresh  techniques,  and  the  high  intensities  required 
for  two-photon  absorption  methods. 

In  our  two-tone  approach,  holograms  are  recorded  with  short  wavelength  light,  typically  in  the 
blue-green  spectrum  for  which  the  photorefractive  material  is  sensitive,  and  replayed  with  longer 
wavelength  light,  typically  in  the  red-infrared  spectrum,  for  which  the  material  can  be  essentially 
inert.  The  replay  light  diffracts  off  of  the  recorded  gratings,  but  due  to  significantly  reduced 
photorefractive  sensitivity,  it  introduces  minimal  erasure.  While  this  concept  is  well  established 
for  plane  waves  [7],  the  high  Bragg  selectivity  severely  limits  the  allowable  image  field  of  view  in 
these  thick  media.  We  overcome  this  limitation  by  using  a  composite  red-replay  beam  consisting 
of  a  set  of  plane  waves,  offering  a  piecewise  matching  to  the  stored  grating  over  a  wide  field.  This 
approach  overcomes  the  severe  alignment  sensitivity  and  low  efficiency  of  a  spherical  replay  beam 
[8],  allows  faster  readout  than  can  be  affected  with  a  scanning  plane- wave  reference  [9],  and  avoids 
page  formatting  required  in  interleaving  techniques  [10]. 

Figure  1  shows  the  experimental  arrangement.  Green  light  (.514  nm)  records  the  holograms  in  a 
cerium  doped  (0.2  mol  %)  SBN:60  (S(5oB4oNb206)  crystal.  A  transmission  mask  encodes  a  binary 
data  page  on  the  signal  beam.  A  CCD  camera  and  a  second  Fourier  lens  detect  the  replay  images. 

Replay  with  plane  waves  is  shown  for  the  green  reference  beam  [Fig.  2(a)]  and  a  red  reference 
beam  (633  nm)  [Fig.  2(b)].  Scanning  is  required  to  access  the  entire  page  at  the  longer  wavelength 
[Fig.  2(c)-(f)].  The  red-replay  image  is  confined  to  a  narrow  strip  who.se  width  is  defined  by  the 
Bragg  selectivity  in  the  plane  of  reference  and  signal  incidence.  The  Bragg  matching  is  essen¬ 
tially  unaffected  by  excursions  in  the  perpendicular  direction,  a  property  closely  related  to  Bragg 
degeneracy,  fi’herefore  the  red-replay  strips  span  the  height  of  the  image. 

To  obtain  the  full  image  field  we  split  the  red-replay  beam  into  three  plane  waves  that  are 
incident  on  the  crystal  at  three  different  replay  angles  (Fig.  1);  this  approach  is  readily  extensible 
to  a  large  number  of  image  components  that  can  conveniently  be  formed  with  a  beam  generator. 
We  use  this  arrangement  to  multiplex  two  images:  the  photographs  of  Figures  3(a)  and  3(c)  shov/ 
the  demultiplexed  images  as  read  out  by  the  green  recording  reference  beam,  while  Figs.  3(b) 
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Figure  1:  Arrangement  for  two-tone  parallel  replay  with  three  Bragg-matched  components.  The  small  angular 
separation  between  the  components  is  exaggerated  for  clarity. 


and  3(d)  show  the  same  images  as  demultiplexed  by  a  composite  red-replay  beam.  The  diffraction 
efficiencies  are  on  the  order  of  up  to  3%  and  10%  for  red  and  green  replay,  respectively.  For  the 
same  intensities,  the  characteristic  erasure  times  at  633  nm  are  up  to  50  times  longer  than  at  514 
nm. 

Replay  time  can  be  increased  further  by  developing  photorefractive  materials  with  lower  sensi¬ 
tivities  at  the  replay  wavelength.  The  ability  to  prolong  multiplexed  holograms  without  image  field 
loss  by  readout  at  a  different  wavelength  makes  ths  approach  an  important  optical  data  processing 
tool. 

We  thank  Dr.  R.  R.  Neurgaonkar  of  Rockwell  for  loan  of  the  SEN  crystal.  This  research 
has  been  supported  in  part  by  the  Advanced  Research  Projects  Agency  through  contract  number 
N00014-92-J-1903. 
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Figure  3:  Two-tone  parallel  readout  of  two  multiplexed  images  recorded  at  514  nm;  (a)  and  (c)  green  replay;  (b)  and 
(d)  red  replay  of  corresponding  images. 
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The  practical  implementation  of  polymers  into  electro-optic  and  nonlinear  optical  (NLO)  devices 
requires  thermally  stable  polymers  with  high  optical  nonlinearities.  The  nonlinear  moieties 
(chromophores)  can  be  either  doped  or  covalently  incorporated  into  the  different  classes  of  polymer 
matrices  -  polyimides,  sol-gels,  thermosetting,  thermoplastic,  etc.  Although  incorporation  of 
covalently  attached  chromophores  along  with  a  means  of  thermally  stabilizing  the  poling  alignment 
involves  difficult  synthesis  work,  its  advantages  over  doping,  namely,  high  chromophore  density, 
reduced  phase  separation,  and  improved  nonlinearity  and  thermal  stability  -  make  it  the  route  of 
choice. 

We  report  here  on  four  different  approaches  to  improved  long  term  thermal  stability  of  the  poling 
and  the  NLO  effect.  Two  crosslinking  polymers,  one,  "side-chain  1"  in  which  the  synthesized 
polymer  contains  the  chromophore  as  a  side  chain  and  is  crosslinked  during  poling  to  anchor  both 
ends  of  the  chromophore  and  one,  "tri-linked"  in  which  the  synthesized  chromophore  containing 
prepolymer  is  crosslinked  into  a  3D  polymer  matrix  during  poling,  are  discussed.  In  the  second 
material,  the  crosslinker  also  contains  the  chromophore  to  increase  the  chromophore  loading.  We 
also  report  on  a  polyimide  material  in  which  the  chromophore  is  included  as  a  side  chain  in  the 
polyamic  acid  precursor  polymer  and  immidization  takes  place  during  poling.  In  the  fourth 
approach,  the  chromophore  is  covalently  attached  to  a  sol-gel  system  which  is  cured  during  poling. 

The  "side-chain  1"  system:  We  have  incorporated  an  amino  nitro  azobenzene  chromophore  as  a 
sidechain  in  an  MMA-PMMA  polymer  system  [1].  The  chromophore  was  synthesized  to  be 
crosslinkable  at  the  free  end  and  links  through  an  iso-cyanate  crosslinker  to  the  free  crosslinkable 
ends  of  other  chromophores  at  elevated  temperatures.  After  corona  poling  and  simultaneous 
thermal  crosslinking  near  the  Tg  of  the  polymer  (150°C),  the  thermal  stability  and  the  second 
harmonic  generation  d  coefficients  were  measured.  We  see  a  30°C  improvement  in  thermal  stability 
between  the  crosslinked  and  uncrosslinked  samples  (Fig  1).  The  long  term  stability  of  the  d 
coefficient  at  100°C  was  monitored  over  250  hours  and  showed  very  little  decay.  A  resonance 
enhanced  d33  coefficient  of  llOpnVV  was  measured  at  1.06(im  fundamental  wavelength  and  an 
r33  value  of  14  pmW  (at  X  =  1.3|im)  was  extrapolated  from  the  data.  We  believe  that  the 
chromophores  anchored  at  both  ends,  the  high  crosslinking  density  and  the  high  loading  density 
due  to  covalent  incorporation  contribute  to  the  enhancement  of  the  stability  and  nonlinearity. 
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The  "tri-linked"  system:  We  have  also  explored  a  novel  “tri-linked”  polymer  system  where  a 
trifunctionalized  amino-sulfone  containing  prepolymer  crosslinks  at  high  temperatures  with  a  tri- 
functionalized  amino-sulfone  crosslinker.  The  unique  feature  of  this  side-chain  system  is  that  the 
polymerization  and  crosslinking  take  place  in  the  same  thermal  heating  step  and  the  resultant  3D 
network  has  both  high  crosslinking  and  high  chromophore  loading  densities.  Thermal  stability 
measurements  indicate  little  loss  of  nonlinearity  up  to  185°C  (Fig  1).  The  measured  d  coefficients 
were  moderate.  However,  with  an  optimized  programming  of  the  temperature  and  voltage  during 
poling,  we  expect  a  significant  increase  in  the  NLO  effect. 

The  polyimide  system:  A  disperse  red  chromophore  was  covalently  incorporated  as  a  sidechain  in  a 
polyamic  acid  precursor  polymer  [2].  The  cured  polyimide  has  a  Tg  of  205°C.  The  polymer 
precursor  was  corona  poled  and  cured  at  220°C  -  250°C  to  complete  the  imidization.  Imidization 
involves  condensation  and  shrinkage  of  the  polymer  network  at  high  temperatures.  The  resultant 
collapsed  network  stabilizes  the  alignment  of  the  NLO  molecules.  Thermal  stability  measurements 
showed  no  significant  decay  of  nonlinearity  below  ~190°C  (Fig  1).  A  r33  coefficient  of  1  IpnW 
(k  =  1.3(am)  was  extrapolated  from  a  d33  coefficient  value  of  112pnVV  measured  at  l.Obiim 
fundamental  wavelength.  The  polyimides  show  exceptional  thermal  stability,  however  the  high 
curing  temperatures  requires  high  temperature  stability  in  the  chromophores. 

The  sol-gel  system:  For  this  system,  we  used  an  amino-sulfone  dye,  which  was  functionalized  on 
both  ends  with  nine  possible  crosslinking  sites.  After  corona  poling  and  thermal  curing  the  NLO 
moieties  which  are  covalently  attached  to  the  gel  became  part  of  a  rigid  network.  We  measured  a 
d33  coefficient  of  10-13  pnVV  at  L06(im  fundamental  wavelength.  The  measured  NLO  response  is 
smaller  than  what  is  expected  from  theoretical  models  for  the  calculated  chromophore  loading 
density  of  35%.  We  attribute  this  moderate  NLO  response  to  increased  conductivity  at  higher 
temperatures.  Stability  measurements  indicate  a  slow  decrease  in  nonlinearity  starting  at  around 
130°C  and  up  to  60%  of  the  original  nonlinearity  is  retained  at  200°C  (Fig  1).  The  polymer  also 
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showed  long  term  stability  at  100°C  over  more  than  300  hrs.  We  attribute  this  dramatic  increase  in 
stability  over  existing  sol-gel  systems  to  multiple  crosslinking  sites  which  anchor  the  poled 
chromophores  to  a  dense  matrix.  This  material  system  is  promising  because  of  the  ability  to 
fabricate  low  loss  waveguides.  The  apparent  conductivity  problem  needs  to  be  addressed  however, 
before  significant  gains  in  nonlinearities  are  achieved. 

Each  of  the  various  polymer  systems  has  its  unique  advantages  and  also  presents  challeges  that 
need  to  be  addressed.  Both  the  mature  systems  like  the  side-chain,  main  chain,  polyimide  and 
novel  systems  like  the  sol-gels  seem  promising  for  electro-optic  applications  and  we  are  working 
on  improving  the  nonlinear  properties  in  many  of  these  polymers,  for  example  by  incorporating 
bigger  (3  chromophores.  Table  1  provides  a  comparison  between  some  of  these  polymers. 


Table  1:  Comparison  of  NLO  properties  of  the  various  polymer 


systems  tested  in  this  study 


Polymer 

^peak 

d33  pm/V 

Desirable 

Problems  to  solve 

side  chain  1 

472  nm 

no 

Bigger  moieties  can  be 
attached  by  following  a 
generalized  synthesis 
scheme 

If  corona  poling:  need 
precuring  to  prevent 
damage 

trilinked 

~440nm 

High  crosslinking  density 

High  loading  density 

Compromise  between 
curing  time  and 
conductivity 

polyimide 

460  nm 

112 

Good  thermal,  mechanical 
and  chemical  stability 

Excellent  optical  quality 

Required  curing  T 
excludes  many  high  (3 
chromophores  that 
degrade  at  high  T 

sol-gel 

438  nm 

10-15 

Good  thermal,  mechanical 
and  chemical  stability 

Good  optical  quality 

Possible  control  of 
refractive  index 

Compromise  between 
curing  time  and 
conductivity 

Nonlinearities  are  small 
at  present 
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We  have  reported  elsewhere  ^  a  substantial  enhancement  in  the  non-resonant  %0)  response 
from  a  dilute  solution  of  the  molecule  p-quaterphenyl  [(Ph)4]  after  it  has  been  raised  to  its  first 
excited  singlet  electronic  state  [(Ph)4*].  Similar  behavior  was  previously  observed  in 
diphenylhexatriene  by  Rodenberger,  et  al.,'^  although  we  found  that  the  excited-state  x^)  signal 
for  (Ph)4  was  substantially  larger  for  samples  of  equal  concentration.  (Ph)4  displays  many 
desirable  characteristics  for  excited-state  NLO  applications.  These  include  large  absorption  at 
the  pump  wavelength  (-320  nm),  separation  of  the  fluorescence  and  triplet  absorption  spectral 
regions  from  the  probe  wavelength  (-640  nm),  and  very  high  photochemical  stability. (Ph)4 
and  its  higher  homologues  (Ph)n  suffer,  however,  in  their  limited  solubilities  (e.g.,  <  5x10"'^  M 
for  (Ph)4  in  dioxane).  To  achieve  a  larger  figure  of  merit,  X*'^^/oc>  where  a  is  the  absorption 
constant  at  the  degenerate  four-wave  mixing  (DFWM)  wavelength,  one  must  increase  this 
concentration  substantially.  This  follows  because,  in  the  unsaturated  regime,  we  expect  the  x^^^ 
enhancement  effect  to  increase  with  the  solution  concentration  ([x*^^^]*  ■>=  n*  ctnolpump  where 
n*  is  the  excited-state  population  density,  no  is  the  ground  state  density,  Ipump  is  the  pump 
intensity,  and  0  is  the  cross-section  of  the  ground  state  at  the  pump  wavelength).  We  have 
accomplished  this  increase  in  concentration  by  synthesis  of  a  derivatized  form  of  (Ph)4,  diethyl 
ester  of  quaterphenylenediacetic  acid  (QPDA)  which  is  substantially  more  soluble  than  the  parent 
molecule.  Concentrations  greater  than  2xl0“3  M  were  readily  achieved.  Here  we  show  that 
QPDA  displays  large  nonlinearity  in  its  excited-state  (QPDA*)  similar  to  (Ph)4.  We  will  also 
discuss  the  transient  behavior  of  this  nonlinearity  as  probed  by  femtosecond  time-resolved 
degenerate  four- wave  mixing  (DFWM);  its  behavior  will  be  compared  to  that  obtained  for  the 
underivatized  molecule. 

QPDA  and  it  synthesis  are  shown  schematically  in  Fig.  1 .  Derivatization  at  the  end  positions 
of  the  (Ph)4  moiety  was  chosen  as  it  is  less  sterically  disruptive  to  the  aromatic  system  (i.e.,  it 
avoids  twisting  of  the  benzene  rings  out  of  the  plane)  and  should  therefore  leave  the  electronic 
structure  of  (Ph)4  intact.  Also  the  CH2  groups  were  designed  to  electronically  insulate  the 
aromatic  portion  of  the  molecule  from  the  carbonyls  (C=0)  of  the  solublizing  ester  groups.  The 
QPDA  samples  were  made  up  in  a  nitrogen  glove-bag  in  anhydrous  dioxane  (distilled  from 
sodium  under  N2)  at  concentrations  of  5x10^4  ]y[  and  2  x  10*3  M.  DFWM  studies  were  carried 
out  in  the  conventional  backward  counterpropagating  pump  geometry,  with  the  samples 
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contained  in  quartz  cells  of  50  |im  path  length,  which  in  essence  determined  the  temporal 
resolution.  The  optical  source  was  an  amplified,  mode-locked  dye  laser  producing 
approximately  120  fs,  600  mJ  pulses  at  20  Hz  at  a  wavelength  of  approximately  640  nm.  The 
pump  light  was  generated  by  frequency  doubling  (to  ~  320  nm  wavelength)  a  portion  of  the 
amplified  light  in  a  1  mm  thick  KDP  crystal.  The  remaining  amplified  light  formed  the  basis  of 
the  DFWM  experiment. 


CH2CO2H 

4-Biphenylacetic  acid 


b,  HIO4 

- ► 

HOAc,  H2SO4 


CH2CO2H 


DBU,  EtI 

- ► 

toluene 


CH2C02Et 


NiCl2,  PhaP,  Zn 
DMF,  70" 


B02CCH2H^>— 


CH2C02Et 


Fig.  1.  A  schematic  representation  of  the  synthesis  of  diethyl-4,4"'-quaterphenylenediacetate 

Figure  2  shows  the  amount  of  enhancement  of  the  DFWM  signal  for  QPDA  at  640  nm  when 
the  pump  beam  is  present  relative  to  the  signal  obtained  for  the  molecule  in  the  ground  state.  We 
observe  a  factor  of  over  2000  enhancement  for  QPDA  in  dioxane  at  these  concentrations  and 
wavelengths.  It  is  interesting  that  QPDA  has  a  measurable  ground  state  (i.e.,  without  the  pump) 
DFWM  signal;  we  were  unable  to  detect  a  signal  from  the  ground  state  of  (Ph)4  larger  than  that 
for  the  dioxane  solvent  or  quartz  windows  of  the  cell.  Like  (Ph)4*,  the  DFWM  signal  for 
QPDA*  persists  for  tens  of  picoseconds  after  the  grating  has  been  written.  For  ground-state 
QPDA,  the  DFWM  signal  decays  promptly  and  cannot  be  resolved  in  our  experiment. 

Figure  3  shows  the  femtosecond  time-resolved  DFWM  response  on  a  longer  time  scale  for 
both  QPDA  and  (Ph)4  as  a  function  of  the  relative  delay  of  the  readout  beam.  These  results 
demonstrate  (i)  that  the  excited  state  NLO  response  is  long-lived  and  (ii)  that  the  response 
dynamics  are  similar  (but  not  identical)  for  QPDA  and  (Ph)4  in  magnitude  and  in  temporal  shape. 
The  latter  point  suggests  that  this  particular  derivatization  (i.e.,  QPDA)  indeed  does  not 
significantly  disrupt  the  electronic  structure  of  (Ph)4.  For  (Ph)4*,  the  initial  grating  decay  is  non¬ 
exponential,  but  if  the  first  ~20  ps  is  excluded  the  decay  is  fit  by  an  exponential  with  a  time 
constant  of  ~  10  ps.  For  QPDA*,  the  initial  decay  fits  well  to  a  time-constant  of  ~  20  ps,  but 
after  about  30  ps  the  decay  slows  dramatically.  Another  interesting  aspect  of  these  data  lies  in 
the  apparent  turn-on  time  required  after  the  grating  is  written  for  the  nonlinearity  to  develop,  an 
effect  previously  noted  for  (Ph)4*.  The  maximum  DFWM  signal  was  not  achieved  until  almost 
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1  ps  after  the  grating  was  written;  such  behavior  is  characteristic  of  other  molecular 
nonlinearities  (e.g.,  CS2)  and  likely  indicates  that  a  predominant  nonlinear  mechanism  in  the 
solutions  is  orientational  (i.e.,  molecular  motion)  or  conformational  (i.e.,  intramolecular  motion) 
in  nature.  The  fact  that  the  turn-on  times  for  (Ph)4  and  QPDA  are  similar  argues  for  a  change  in 
conformation  (or  possibly  a  solvent-solute  interaction)  as  the  responsible  mechanism,  since  any 
orientational  effect  would  take  longer  to  evolve  in  the  much  larger  QPDA.  Finally,  it  is 
interesting  to  note  that  initially,  the  ratio  of  the  DFWM  signal  from  the  two  QPDA  samples  is 
less  than  the  ratio  of  their  concentrations  while  after  ~20  ps  the  signal  ratio  is  almost  exactly  four 
as  expected.  This  aspect  of  the  response  dynamics  warrants  further  investigation. 


Fig.  2.  DFWM  signal  enhancement  and  change 
in  response  dynamics  observed  at  -640  nm 
when  QPDA  is  irradiated  at  ~320  nm. 


Fig.  3.  Comparison  of  excited-state  DFWM 
signals  for  (Ph)4  and  for  QPDA  at  two  different 
concentrations. 


In  summary,  we  have  demonstrated  that  an  electronically  excited  derivative  of  (Ph)4  displays 
a  large  enhancement  of  its  third-order  optical  nonlinearity  like  that  seen  in  the  parent  molecule. 
These  results  point  us  towards  the  development  new  materials  having  even  more  favorable 
excited-state  nonlinear  optical  and  chemical  properties. 
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Photorefractive  (PR)  Strontium-Barium  Niobate  (SBN)  has  been  the  subject  of  extensive  research  in 
recent  years.  Large  PR  nonlinearities  and  relatively  fast  response  time  at  low  power  levels  make  this 
material  a  preferred  candidate  for  a  variety  of  applications  such  as  optical  data  storage.  Intensity- 
dependent  absorption  [1]  and  related  phenomena  were  discovered  and  investigated  extensively  in 
different  PR  crystals  and  at  different  optical  light  intensities  spanning  the  range  of  ImW/cm^  to 
lO'^  W/cm2.  In  this  study  we  investigate  the  light-induced  absorption  through  pump-probe  measurement  at 
relatively  low  optical  power  densities  in  photorefractive  SBN:60  and  SBN:75. 

We  employ  high  optical  quality  6mm  x  6mm  x  6mm  crystal  samples  of  Cr-doped  SBN;60  and  Ce-doped 
SBN:75.  In  our  experimental  set-up  we  use  a  polarized  expanded  beam  (?i=488  nm)  of  an  argon-ion  laser 
as  a  pump.  The  light-induced  changes  in  the  absorption  coefficient  are  measured  by  monitoring  the 
transmitted  power  of  a  weak,  loosely  focused  (diameter  -200  ^m  inside  the  crystal)  probe  beam 
(>.=633  nm)  from  a  low  power  He-Ne  laser.  The  polarization  of  both  beams  is  controlled  independently  by 
appropriate  half-wave  plates.  Our  pump-probe  method  enables  the  measurements  of  both  the  saturation 
value  of  the  increase  in  the  absorption  and  the  time  response.  The  incident  power  of  the  pump  beam  is 
controlled  by  a  variable  beam  attenuator  and  is  measured  with  a  power  meter  in  the  beam  path.  The 
pump  beam  is  expanded  by  a  cylindrical  lens  followed  by  a  spherical  lens,  which  results  in  a  uniform 
elliptical  spot  with  the  area  of  0.1  cm2  jnsjde  the  crystal.  The  probe  beam  occupies  a  much  smaller  area 
and  is  enclosed  entirely  by  the  pump  inside  the  crystal.  Our  measurements  are  taken  in  the  pulsed  regime, 
i.e.  the  pump  beam  is  blocked  by  the  mechanical  shutter  and  is  switched  on  only  for  short  periods  of  time 
(0.2  to  20  sec).  The  power  of  the  transmitted  probe  is  monitored  and  recorded  by  a  storage  oscilloscope. 

We  define  the  light-induced  absorption  coefficient  aj  in  a  manner,  similar  to  that  of  Ref.  1; 

Is(with  Ip  on)  ^ 

Is  (with  Ip  off)  ^  ^ 

where  Ig,  Ip  are  the  probe  and  the  pump  intensities  at  the  crystal  output,  respectively,  and  d  is  the  length 
of  interaction  (crystal  thickness). 

We  now  perform  a  series  of  experiments  to  measure  both  the  light  induced  absorption  coefficient  aj  and  its 
response  time  t.  First  we  investigate  the  absorption  of  the  weak  red  He-Ne  probe  induced  by  the  strong 
green  pump  in  a  SBN:60:Cr  crystal  sample  for  the  different  polarizations  of  both  the  pump  and  the  probe 
beams.  The  steady  state  values  of  aj  are  shown  on  Fig.1.  The  light-induced  absorption  coefficient 
saturates  at  high  pump  intensities  and  appears  to  be  fairly  insensitive  to  the  polarization  of  the  pump 
(488  nm)  beam.  The  dependence  of  aj  on  the  probe  beam  polarization  is  much  more  dramatic.  The  data  in 
Fig.1  suggests  that  for  a  given  pump  intensity  and  polarization:  ai(extra)/ai(ord)  =  1.95±0.10.  If  we 
assume  that  these  traps  are  primarily  structural  defects  (e.g.,  vacancies)  rather  then  impurities  and  that 
mutual  interaction  between  them  is  negligible,  the  traps  and  the  associated  wavef unctions  may  possess  a 
crystal  imparted  symmetry,  leading  to  strong  polarization  effects.  Intuitively,  one  may  view  the  shallow 
traps  as  isolated  (localized)  potential  wells  with  their  associated  wavefunctions  localized  differently  along 
the  a-  and  c-  axes.  This  may  result  in  a  larger  dipole  moment  (and,  consequently,  a  larger  photoionization 
cross-section)  for  the  light  polarized  along  the  c-axis.  This  explanation,  if  correct,  may  also  provide  useful 
information  about  the  actual  atoms  whose  absence  leads  to  the  shallow  traps. 


197 


Next,  we  investigate  ihe  build-up  rate  of  the  induces  absorption,  and  define  it  as  the  inverse  of  the  time 
required  for  the  signal  to  reach  the  (1-1/e)  level  of  its  saturation  value.  Our  results  are  presented  in  Fig.2. 
The  build-up  rate  curves  are  significantly  nonlinear  with  respect  to  the  pump  intensity  with  a  pronounced 
saturation  at  high  pump  intensities.  For  a  given  polarization  of  the  probe,  we  observe  a  shorter  response 
time  for  the  extraordinary  polarization  of  the  pump  due  to  the  higher  absorption  of  the  extraordinary  light 
( an  =  2.0  cm-''  at  X=  488  nm  )  than  of  the  ordinary  one  {  a_L  =  1.5  cm-''  at  488  nm  ).  A  linear 
extrapolation  to  l(pump)=0  at  the  low  intensity  branch  of  the  curves  gives  an  estimate  of  the  effective 
dark  decay  rate  of  the  population  of  the  shallow  traps  (  due  to  the  thermal  ionization  )  which  equals 
to  30  ±  5  sec-''.  This  value  is  very  close  to  the  corresponding  data  obtained  in  the  BaTiOs  crystals  [1]. 
However,  even  at  moderate  intensities  (  >5  W/cm^ )  the  response  time  is  about  1 .5  to  2  msec,  which  is 
significantly  shorter  than  both  the  PR  and  the  thermal  response  times  for  SBN  crystals.  This  enables  the 
very  fast  recording  of  photochromic  gratings  by  the  light-induced  absorption. 

We  use  the  same  experimental  set-up  to  investigate  the  induced  absorption  effect  in  a  PR  Ce-doped 
SBN:75  sample.  Because  of  a  very  strong  PR  coupling  for  an  extraordinary  light  in  this  material,  the 
light-induced  absorption  measurements  are  performed  only  with  the  ordinary  polarization  of  the  probe 
beam.  Our  experimental  data,  which  are  shown  on  Fig.  3  indicate  that  even  low  pump  intensities 
(  <  5  W/cm2 )  induce  a  large  increase  in  the  absorption  at  the  probe  wavelength.  The  linear  absorption  of 
the  crystal  at  the  pump  wavelength  (X  =  488  nm)  is  nearly  equal  for  the  extraordinary  (  an  =  4.7  cm-'' ) 
and  the  ordinary  (  ai  =  4.8  cm-'')  polarizations.  The  pump  intensity  at  which  the  light  induced  absorption 
coefficient  e'xhibits  saturation  appears  to  be  much  smaller  for  the  SBN:75.  This  may  explain  the  intensity 
dependent  diffraction  efficiency  and  intensity  dependent  wave-coupling  observed  [2]  in  some  SBN:75 
PR  crystals.  It  should  be  noted  that  the  dark  decay  (shown  in  Fig.  4)  and  the  build-up  of  the  light-induced 
absorption  at  low  light  intensities  (below  saturation)  both  exhibit  a  non-exponential  temporal  behavior. 
This  phenomenon  is  attributed  to  the  fact  that  the  shallow  traps  may  occupy  a  broad  band  rather  than  a 
narrow  level  in  the  forbidden  gap  of  the  crystal.  This,  in  turn,  implies  that  the  effective  relaxation  time 
depends  on  the  initial  distribution  of  the  occupied  shallow  traps  and  the  decay  toward  equilibrium  obeys  a 
logarithmic,  rather  than  exponential,  law  within  a  certain  time  window  [3].  Our  direct  observations  of  the 
dark  decay  indicate  that  the  relaxation  time  for  the  light-induced  absorption  in  SBN;75  may  be  as  long  as 
3.0  to  5.0  seconds.  This  clearly  indicates  that  in  this  material  the  secondary  traps  are  relatively  deep. 
On  the  other  hand,  even  at  the  moderate  pump  intensities,  the  build-up  of  the  absorption  is  very  fast  and 
is  shorter  than  5  msec  for  pump  intensities  near  10  W/cm^. 

Finally,  we  obtain  a  lower  estimate  for  the  density  of  the  shallow  levels  in  the  crystal  studied  using  the 
absorption  cross-section  Sgh  evaluated  for  BaTiOg  [1]  Ssh=  5x10-^8cm2.  The  lower  limit  for  the  density  of 
the  secondary  traps  Ngh  is  given,  therefore,  by  ai(max)/Ssh=Nsh=5x10'6-10'7cm-3.  The  actual  value 
may  be  at  least  2-5  times  higher,  since  the  approximate  formula  we  use  assumes  that  all  the  traps  are 
occupied. 

in  conclusion,  we  have  presented  experimental  evidence  for  light-induced,  intensity  dependent  absorption  in 
photorefractivs  SBN:60  and  SBN:75.  Large  changes  in  the  crystal  absorption  can  be  induced  even  at 
moderate  CW  light  intensities  in  the  visible  range.  This  fact  has  a  significant  impact  on  applications  such 
as  optica!  data  storage  where  SBN  is  a  potential  candidate.  Finally,  we  have  found  a  non-exponential 
thermal  decay  of  the  light  induced  absorption  effect,  which  suggests  that  the  shallow  traps  occupy  a 
broad  band  in  the  forbidden  gap  of  the  SBN;75  crystal. 
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Fig.  1  Light  induced  absorption  at  X=633  nm  vs 
the  intensity  of  the  pump  (x=488  nm)  in 
SBN:60;Cr.  R  (Red)  and  G  (Green)  denote  the 
polarization  of  the  probe  and  the  pump 
respectively.  The  linear  absorption  of  the  red 
light  (  X=633  nm  )  is  an  =  0.4  cm*''  for  the 
extraordinary  and  aj^  =  0.7  cm*'  for  the 
ordinary  polarization. 


Fig.  3  Light-induced  absorption  coefficient  at 
;i=633  nm  vs  the  intensity  of  the  pump  beam 
(A,=488  nm)  in  SBN:75:Ce.  G  (Green)  denotes 
the  polarization  of  the  pump.  The  probe  beam 
has  an  ordinary  polarization  in  both  cases;  the 
linear  absorption  coefficient  is  equal  to  0.6  cm*''. 


Fig.  2  Build-up  rate  of  the  induced  absorption  at 
>.=633  nm  vs  the  intensity  of  the  pump  beam 
(>.=488  nm)  in  SBN:60:Cr.  R  (Red)  and 
G  (Green)  denote  the  polarization  of  the  probe 
and  the  pump  respectively. 


Fig.  4  Nonexponential  dark  decay  of  the  induced 
absorption  in  SBN:75:Ce,  after  an  initial 
200  msec  pump  light  pulse.  The  peak  change  in 
the  optical  absorption  at  >,  =  633  nm  is  about 
0.15  cm*''.  The  horizontal  scale  is  5  sec/div. 
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Although  Kukhtarev’s  band  transport  modeF  well  describes  almost  all  behavior 
related  to  the  photorefractive  effect,  other  origins  for  this  effect,  such  as  ZEFPR^  and 
polarization  gratings^,  have  been  reported  in  recent  years.  Here,  we  report  an  origin 
which  is  possibly  polarization  related,  and  describe  diffraction  efficiency 
enhancement  by  thermal  treatment. 

The  SBN;Ce  (cerium  doped  strontium  barium  niobate)  was  grown  using  the 
Czochralski  method  and  was  polished  to  optical  quality.  To  pole  the  crystal,  gold 
was  deposited  on  its  c-surfaces  and  then  an  electric  field  of  500kV/m  was  applied 
along  the  c-axis  at  95°C.  The  crystal  was  then  slowly  cooled  to  room  temperature  in 
30min.,  and  finally  the  electric  field  was  removed. 

All  the  two  wave  mixing  (TWM)  experiments  were  performed  in  an  acrylic  box 
to  avoid  any  air  flow  that  might  cause  a  fringe  pattern  fluctuation.  The  514.5nm  line 
of  an  Ar  ion  laser  was  used  and  the  intensity  ratio  of  reference /object  beams  was 
1.56.  Both  beams  were  horizontally  polarized  to  the  c-axis  and  were  oriented  so  that 
the  grating  wave  vector  was  parallel  to  the  c-axis.  The  grating  period  was  2.34)im. 
The  object  beam  was  set  in  the  energy  gaining  direction  during  TWM.  The 
temperature  was  controlled  to  an  accuracy  of  0.1°C  with  a  Peltier  cooler  positioned 
below  the  crystal. 

Figure  1  shows  the  development  of  the  diffraction  efficiency  while  the  crystal  was 
being  cooled.  The  index  grating  was  recorded  by  continuous  exposure  at  60°C  until 
the  diffraction  efficiency  saturated.  The  reference  beam  for  readout  was  exposed  for 
only  10ms  so  that  the  beam  would  not  affect  the  index  grating  while  reading. 
Although  the  diffraction  must  have  suffered  a  Bragg  mismatch  when  the  crystal 
was  cooled  since  the  c-axis  expands  as  shown  in  Fig.  2,  its  growth  was  more  than 
mere  compensation  for  the  Bragg  mismatch.  Also,  when  the  recording  was 
performed  at  room  temperature,  the  saturated  diffraction  efficiency  was  3.6%,  which 
is  lower  than  that  recorded  at  higher  temperature.  The  solid  circles  in  Fig.l  show 
the  estimated  Bragg  matched  diffraction  efficiency  using  the  measured  thermal 
expansion.  Here,  the  phase  mismatch  was  assumed  to  be  7r/2  and  the  beam  coupling 
during  TWM  was  taken  into  account^^s 

Figure  3  shows  the  temperature  dependence  of  the  electro-optic  coefficient  and 

the  figure  of  merit.  Although  it  is  shown  that  the  n^rc/e  slightly  increases  as  the 
crystal  is  cooled,  the  increase  is  not  sufficient  to  explain  the  enhancement  or  the 
weaker  diffraction  recorded  at  low  temperature.  Moreover,  we  observed  no  decay  in 
the  diffraction  efficiency,  either  for  3  hours  at  60°C  or  for  3  days  at  25°C.  It  had  been 
expected  that  dark  conductivity  would  cause  decay  since  relatively  high  dark 
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conductivity  of  around  ^^'icrn'i  had  been  previously  reported^.  Figure  4  shows 
the  decay  time  (r)  of  the  diffraction  efficiency  by  light  exposure,  where  x  was 
proportional  to  the  dielectric  constant  and  was  not  affected  by  the  thermal  excitation 
term,  exp(-E/kBT),  even  when  the  light  intensity  was  as  low  as  20pW/cm2.  The 

temperature  dependence  of  x  is  opposite  to  those  previously  reported  in  BaTi03  and 
SBN:Cr7,8. 

All  the  experiments  described  above  suggest  that  the  photorefractive  origin  of 
our  SBN:Ce  is  something  other  than  band  transport  and  charge  redistribution.  We 
now  postulate  that  it  stems  from  the  polarization  grating,  which  grows  when  the 
crystal  is  cooled  after  the  reversed  polarization  domain  has  been  seeded  at  a 
temperature  close  to  Tc.  This  might  be  possible  since  polarization  grating  formation 
in  SBN75  without  an  external  field  has  been  reported^,  although  the  index  grating  of 
our  experiment  was  not  fixed  against  light  exposure. 

In  conclusion,  the  diffraction  efficiency  of  SBNrCe  has  been  enhanced  thermally 
and  the  Bragg  mismatch  has  been  overcome.  The  index  grating  was  not  fixed 
against  light  exposure  but  against  dark  conductivity.  The  origin  of  this 
photorefractive  effect  can  not  be  explained  by  charge  distribution  and  is  possibly 
caused  by  the  polarization  grating. 

Figure  1  Enhancement  of  diffraction 
efficiency 

Open  circles  denote  the  measured 
diffraction  efficiency.  Solid  circles  are 
Bragg  matched  values  estimated 
from  the  thermal  expansion  data, 

where  a=5.61cm-i,  r=llcm-i  and  the 
phase  mismatch  is  assumed  to  be 
71/2. 

X  denotes  the  measured  diffraction 
efficiency  recorded  at  20  °C. 

Temperature  (°C) 


Figure  2  Linear  thermal 
expansion  of  a-  and  c- 
axes  of  SBN 

Open  circles  show  the  a- 
axis  expansion.  Solid 
circles  show  the  c-axis 
expansion.  The  c-axis  has 
the  negative  expansion 
coefficient. 


Temperature  (°C) 
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Temperature  (°C) 


Figure  3  Electro-optic  coefficient 
and  figure  of  merit 

Open  circles  denote  the 
electrooptic  coefficient, 
where  rc=r33-(no/ne)3ri3. 

Solid  circles  denote  the 
figure  of  merit,  Qc=ne^rc/e3  3 


Temperature  (°C) 


Figure  4  Decay  time  of  diffraction 
efficiency 

Open  circles  denote  the  decay 
time  of  diffraction  efficiency  by 
light  exposure.  Solid  circles 
denote  the  inverse  of  the  decay 
time.  The  light  intensity  was 
1.46mW/cm2.  Even  when  the 
intensity  was  decreased  to 
20pW/cm2,  the  decay  time  was 
proportional  to  (Tc-T)'i. 
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Two  wave  mixing  (TWM)  gain  in  photorefractive  materials  is  one  of  the  most  fundamental  and 
attractive  aspects  of  the  photorefractive  effect.  Several  techniques  for  the  enhancement  of  TWM  gain 
have  been  developed  and  analysed  by  many  researchers:  applied  d.c.  field  technique[l],  d.c.  field  and 
moving  grating  technique[2]  and  applied  a.c.  field  technique[3].  It  was  shown  some  time  ago  by  Stepanov 
et  al.  [3]  that  TWM  gain  can  be  considerably  increased  by  applying  a  square  a.c.  electric  field  instead  of  a 
d.c.  field.  The  temporal  differential  equation  describing  the  build-up  of  the  space-charge  field  E^cft) 
with  external  applied  field  E^ft)  takes  the  following  form  [2]: 


dt 

Here,  the  coefficients  are  as  follows;  g  =  |l  -  i  ^  E=-Eo/ Tci|i  -  i  ^P-j,  where  xa  is  the 

Maxwell  relaxation  time,  Em  and  Eq  are  the  characteristic  electric  fields  of  the  material.  It  is  noted  that 
although  Eq.{l)  is  derived  for  a  d.c.  applied  field  (i.e.,  E^  =  const.),  it  is  still  valid  for  a.c.  applied  field 
when  the  period  T  (=2n/n)  of  a.c.  applied  field  is  much  longer  than  the  photoelectron  lifetime,  i.e., 
T>>Xe.  In  that  case,  each  photoelectron  essentially  sees  a  constant  applied  field  during  its  lifetime.  In 
addition,  when  the  period  of  the  a.c.  field  is  much  shorter  than  the  grating  build-up  time  Xg 
(approximately  equal  to  Re(l/gl),  one  may  use  the  time  averaging  method  over  the  period  T  to  solve 
Eq.(l)  [3].  Then  the  space-charge  field  cannot  follow  the  a.c.  applied  field  and  the  solution  becomes 
independent  of  the  time  period  T.  However,  when  the  period  T  is  comparable  with  Xg,  the  usual  time 
averaging  method  will  not  hold,  so  we  require  to  have  the  full  temporal  solution  for  Esc(t),  applicable  to 
the  whole  frequency  range  of  the  a.c.  field. 


In  this  paper  we  developed,  for  the  first  time  to  our  knowledge,  the  corresponding  theory 
describing  the  buildup  of  the  space-charge  field  in  the  presence  of  square  a.c.  field  and  compared  with 
the  experimental  results  of  the  full  temporal  variation  of  the  TWM  gain  for  the  square  applied  fields  in 
a  photorefractive  Bil2SiO20  crystal.  Considering  the  square  a.c.  field  Eo(t)  with  the  time  period 
T(=2n/fl)  as  shown  in  Fig.l,  the  time  varying  coefficients  g(t)  and  h(t)  in  Eq.(l)  become  constants  g"'"  and 

h^  for  each  positive  half-period  of  Eo(t)=Eo,  and  g  and  h  for  each  negative  half-period  of  Eo(t)=-Eo, 
respectively,  where  Eo  is  the  amplitude  of  square  applied  field.  In  order  to  solve  Eq.(l),  we  apply  the 
step-by-step  integration  in  each  successive  half-period  of  Eo(t).  For  the  nth  period  of  the  applied  field 
Eo(t)  (i.e.,  (n-l)T<t<nT)  we  get  the  space-charge  field  E^{t)  for  the  positive  and  the  negative  half¬ 
period  as: 

E+(t)  =  -hlm{l  -  exp[-  g+(t-(n-l)T)l|  +  E+((n-l)T)exp[-  g+(t-(n-l)T)],  for  (n-l)T  <  t  <  (n-T)T  (2a) 


J^mjl  -  exp[-  g^t-(n-^)T|]|  +  E;^(n-T)Tjexp[-  g‘(t-(n-T)Tj],  for  (n-T)T <  t ; 


From  Eq.(l)  we  have  the  following  relations;  g^'‘=  g'  and  l/'"=-h'.  Before  proceeding  any  further,  it  is 
convenient  to  introduce  the  steady  state  values  of  En(t).  Since  the  steady  state  of  En(t)  corresponds  to  the 

values  for  sufficiently  large  n,  we  may  take  the  boundary  conditions  as  E|^|(n-T)Tj  =  En|(n-i)T|  =  E^ 
and  En((n-1)T)  =  En(nT)  =  E,.^.  After  simple  calculations,  we  have  the  real  and  imaginary  part  of 
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gihi  +  g2h2 


where  we  used  the  following  notations:  -  ^oo  +  '^oo,  g±  =  gj  ±  ig2  and  h*  =  ±  +  ih2.  It  should  be 

noted  that  in  the  limiting  case  of  T/2«l/gj  2  for  f'igf'  frequency  limit)  Eq.(3)  reduces  to  the  same 
expression  derived  by  the  time  averaging  method[3].  By  using  the  boundary  condition  of 

E^(n-l)Tj  =  Er,|(n-^)T|j,pj(;)  En((n-1)T)  =  EJ,.j{(n-l)T),  we  finally  get  the  following  expression  by  using 
successive  iterations: 

Ei^(rrT )  =  [  1  -  exp[-ngavTl]  (4a) 

E^((n-l)Tj  =  E^  E>xp[-(ngav-^)T|  (4b) 

where  E^0)  =  0is  taken  as  the  initial  condition.  On  substituting  Eq.(4)  into  Eq.(2)  with  Eq.(3)  we  may 
have  the  transient  solution  of  the  space-charge  field  Esc(t)  for  each  half-period  of  applied  field.  In  a 
photorefractive  crystal  the  effective  gain  in  a  two  mixing  configuration  is  defined  as  follows[2]: 

l.s(with  pump  beam  and  AC  field)  _  (1  +  (3)  exp[r(t)d] 

Is(without  pump  beam  and  AC  field)  1  +  p  exp[r(l)d] 

where  P=Is(0)/Ir(0)  is  the  incident  intensity  beam  ratio  between  the  pump  beam  Ir  and  the  probe  beam 
1$  and  d  is  the  interaction  length  of  the  crystal.  The  exponential  gain  coefficient  r(t)  is  proportional  to 
the  imaginary  part  of  the  space-charge  field[2]. 

The  full  temporal  variation  of  the  two  wave  mixing  (TWM)  gain  is  measured  in  a  photorefractive 
Bii2Si02()  crystal  grown  by  Sumitomo  (lOxlOxlOmm^).  The  experimetal  configuration  is  schematically 
shown  in  Fig.l.  A  beam  from  an  Ar-ion  laser  beam  of  514.5nm  wavelength  was  split  into  two  beams, 
expanded  and  collimated.  Tire  intensity  beam  ratio  of  pump-to-probe  beams  set  to  45  with  a  total 

2 

incident  intensty  of  4.6mW/cm  .  The  two  beams  were  vertically  polarized  and  were  incident  on  the  (110) 
face  of  the  BSO  crystal.  The  alternating  square  electric  field  of  up  to  7KV/cm  amplitude  was  applied 
between  the  (001)  faces  of  the  crystal.  The  interbeam  angle  between  the  two  incident  beams  was  chosen  so 

as  to  achieve  the  optimum  gain  in  experiments  at  approximately  2°.  The  frequency  range  of  the  applied 
electric  field  was  IHz  -  IKHz.  Figure  2  shows  the  typical  experimental  curves  of  the  time-dependent 
TWM  gain  for  the  repetition  rates  of  20Hz.  Figure  3  shows  the  theoretical  curves  for  temporal  behavior 
of  the  TWM  gain  for  square  a.c.  field  of  Eo=7KV/cm  amplitude  with  repetition  rate  of  20Hz.  In  the 
calculations  we  used  the  following  crystal  parameters:  EM=0.35KV/cm,  grating  spacing  of  15pm  and  xj 
=1.3  msec  for  input  intensity  of  4.6mW/cm2  and  gi=14.7Hz  and  g2=37.7Hz  for  Eo=7KV/cm.  One  may  see 
that  the  theory  agrees  well  with  the  experimental  results. 

In  conclusion,  we  have  developed  a  theory,  based  on  the  Kukhtarev's  materials  equations, 
describing  the  temporal  variations  of  two-wave  mixing  gain  in  the  presence  of  a  square  a.c.  field  in 
photorefractive  materials.  The  transient  behavior  of  the  two  wave  mixing  gain  is  also  measured  in 
photorefractive  B'12^  i02Q  crystal  with  a  square  a.c.  applied  field  of  up  to  7KV/cm  and  compared  with 
the  theory. 
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Fig.  1  Experimental  geometry  for  a.c.  two-wave  mixing. 


Fig.  2  Experimental  time-dependent  gain  curve  in  the  presence  of 
square  a.c.  field  of  7KV/cm  at  repetition  rate  of  20Hz. 


Fig.  3  Theoretical  time-dependent  gain  curve  of  Fig.2. 
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Since  the  first  observation  of  the  spatial  subharmonics  in  photorefractive  BSO  crystal  by 
Mallick  et  aZ.[l]  in  1988,  the  possible  physical  mechanism  based  on  the  Kukhtarev’s  materials 
equations  has  been  intensively  investigated.  However,  most  of  the  work  in  this  held  has 
been  concentrated  on  obtcdning  the  instability  condition  for  the  existence  of  the  subharmonic 
resonances[2,  3].  In  this  paper  we  attempt  to  calculate  ii'/2  spatial  subharmonic  resonances 
varying  the  detuning  frequencies  for  several  external  electric  helds  and  compare  the  theoretical 
results  with  experimental  data.  A  simple  theory  based  on  a  differential  equation  which  is 
derived  from  the  materials  equations  for  the  space  charge  held  and  the  coupled  mode  analysis 
of  the  wave  equation  is  developed  to  describe  the  subharmonic  resonances.  The  mechanism 
which  is  responsible  for  the  subharmonic  resonance  is  assumed  to  be  spontaneous  generation 
caused  by  the  inherent  nonlinearity  of  the  photorefractive  effect  itself[2,  3,  4]. 

We  start  with  a  nonlinear  partial  differential  equation,  which  is  derived  from  Kukhtarev’s 
materials  equations  to  describe  the  space  charge  held  Esc  in  n  moving  co-ordinate  system[2]. 
The  new  co-ordinate  is  set  to  be  ^  =  fit  —  Kx,  where  K  is  the  magnitude  of  the  grating 
vector  and  Cl  is  the  amount  of  frequency  detuning.  Our  differential  equation  takes  the  form 


(1  +  -  (^  +  +  ^(1  +  mcosOEsc 

Em  f  ,  Em  ,  ^2 

=  — —mcosiP  -w-fr{Esc)  ) 
0  -^0  "^5 


where  the  primes  represent  the  derivatives  with  respect  to  m  is  the  modulation,  Eq  is  the 
external  electric  held,  b  =  Clrd.  Here,  Em  nnd  Eq  are  characteristic  electric  helds  introduced 
by  Kukhtarev  et  aZ.[5],  and  rj  is  the  dielectric  relaxation  time.  Diffusion  held  is  neglected  since 
it  is  sufficiently  small  compared  to  the  helds  of  Eq,  Em  and  Eq.  The  intensity  distribution 
in  the  crystal  is  given  by  /o(l  +  mcosf)  where  Iq  is  the  average  intensity.  Since  Eq  and  Eq 
are  large  compared  to  Em,  the  last  term  in  the  right  hand  side  of  Eq.  (1)  is  neglected  in  the 
calculation. 

In  this  work  we  concentrate  on  the  Kl2  spatial  subharmonics  and  start  from  the  ex¬ 
pansion 

Esc  =  ^1/2  exp(2^/2)  +  Ai  exp{if)  +  A3/2  exp(f3^/2)  +  c.c..  (2) 

We  skip  the  contribution  from  the  Fourier  component  3/2  for  simplicity  and  substitute  Eq. 
(2)  into  Eq.  (1)  to  obtain  coupled  differential  equations  by  equating  the  exponential  terms 
with  the  same  order.  Considering  exp(i^)  terms,  we  obtain 


-di  —  Aio  +  ^(-di/2)^ 


(3) 
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where  h  is  defined  as  Em/Eq.  Investigating  exp(i^/2)  terms  and  using  Eqs.  (3)  and  (4),  we 
obtain 


Mi/2|^  — 


(h  _  i'l2  \  (h  \  Ej^\2  _  (mhy 

\b  a)  '  1 2  ^  E„h )  4fc2 


{!-?  +  (' 


4Eo^ 


For  simplicity,  m  =  1  case  is  considered  in  the  calculation  since  it  gives  an  optimum  condition 
for  generating  the  spatial  subharmonics. 

In  order  to  find  out  the  relationship  between  the  output  subharmonic  intensity  distri¬ 
bution  and  the  subharmonic  space  charge  field  given  by  Eqs.  (2)  and  (5),  the  coupled  mode 
analysis  of  wave  equation  is  utilized.  The  solution  of  the  wave  equation  is  assumed  to  have 
the  form  of 


E(r,  t)  =  El  exp[-i(^ri  ■  r  -  (uj  +  +  E2  exp[-2(il'2  •  r  -  uit)] 

+  Ei/2exp[-i{Ki/2-r -uJi/2t)],  (6) 

where  cj  is  the  optical  frequency,  Ei  and  E2  are  the  amplitudes  of  the  two  pump  waves  and 
Ei/2  is  that  of  K/2  spatial  subharmonic  wave,  as  illustrated  in  Fig.  1.  Using  the  slowly 
varying  amplitude  approximation,  we  obtain  a  set  of  coupled  differential  equations  for  Ei, 
E2  and  Ei/2-  Assuming  that  there  is  no  pump-beam  depletion  and  no  coupling  between 
pump  waves  it  is  straightforward  to  find  solutions  for  the  subharmonic  waves  satisfying  the 
boundary  condition  of  Ei/2\.z=o  =  0.  Assuming  equal  pump  beam  intensities  for  Ei  and  E2, 
the  output  subharmonic  intensity  in  the  photorefractive  moving  gratings  is  obtained  as 

AfCT 

\Ei/2\^  =  (Eif  sinc2(^)/o[i^e(Al/2)]^  (7) 

2  2 

where  F  =  coupling  constant,  L  is  the  interaction  length  of  the  medium, 

sinc(i)  =  and  Iq  is  the  total  input  beam  intensity.  It  should  be  noted  that  the  sub¬ 
harmonic  intensity  comes  from  the  real  part  of  A1/2  when  the  equal  pump  beam  intensity  is 
assumed.  This  gives  the  same  argument  with  that  in  the  work  published  by  Ringhofer  and 
Solymar[6]  although  the  basic  assumptions  are  different  from  each  other. 

Figure  1  shows  the  schematic  diagram  of  experimental  arrangement  for  observing  the 
subharmonic  waves  in  photorefractive  BSO  crystal.  A  beam  from  an  Ar-ion  laser  at  a  wave¬ 
length  of  514.5  nm  is  expanded,  collimated  and  split  into  two  beams.  One  of  the  pump 

beams  is  detuned  in  frequency  by  applying  a  triangular  signal  to  a  piezoelectric  mirror.  The 

comparison  of  our  theoretical  results  with  experimental  data  for  the  detuning  frequencies  of 
the  ir/2  subharmonic  resonances  at  various  Eq  is  shown  in  Fig.  2.  The  physical  parameters 
of  Tj,  Em  and  Eg  are  set  to  be  6.5  msec.,  D.lZkV /cm  and  180fcU/cm,  respectively,  which 
are  taken  from  Ref.  [3].  Even  though  the  contribution  from  3/2  component  (exp(i3^/2) 
terms)  is  not  included  in  the  calculation,  the  prediction  of  our  simple  theory  agrees  with  the 
experimental  data  remarkably  well. 

In  conclusion,  the  optimum  detuning  frequency  of  K (2  spatial  subharmonics  in  the  pho¬ 
torefractive  moving  gratings  is  calculated  using  a  simple  theory  based  on  materials  equations 
and  the  coupled  mode  analysis  of  wave  equation  and  compared  with  experimental  data  which 
is  obtained  with  the  external  electric  fields  varying  from  7  kV/cm  to  3  kV/cm  and  detuning 
frequency  varying  up  to  40  Hz.  It  is  found  that  as  the  external  electric  field  decreases  the 
optimum  detuning  frequency  for  7^/2  subharmonics  increases  and  that  our  simple  theory 
which  has  no  adjustable  parameter  describes  the  experimental  data  very  well. 
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Fig.  1.  (a)  Schematic  diagram  of  experimental  setup  for  observing  spatial  subharmonic  waves, 
(b)  Eward  sphere  representation  showing  the  geometric  scheme  of  spatial  subharmonics. 


Fig.  2.  Comparison  of  the  theoretical 
results  with  the  experimental  data  for 
for  optimum  detuning  frequencies  of  /f/2 
sptial  subharmonics  at  several  external 
external  electric  fields.  The  solid  line 
represents  the  theoretical  prediction  and 
the  dots  represent  the  experimental  data. 
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Summary 

The  effect  of  phase  conjugate  feedback  on  semiconductor  laser 
continues  to  be  a  topic  of  interestC2.  Phase  conjugate  feedback  has  the 
advantage  of  self-alignment  and  aberration  correction.  These  properties 
result  in  good  coupling  back  into  the  laser  --  which  is  not  guaranteed  with 
conventional  mirror.  On  the  other  hand,  it  has  been  demonstrated  that 
the  round  trip  phase  delay  for  an  external  phase  conjugate  cavity  is  set  by 
the  laser  and  the  phase  conjugate  mirror,  independent  of  cavity  lengths. 
In  this  presentation  we  consider  the  impact  of  this  phase  delay  on  the 
laser  diode  linewidth. 

Agrawal  has  shown  that  the  linewidth  of  a  single  mode  in  a 
semiconductor  laser  with  feedback  is  dependent  on  the  external  round  trip 
phase  delay  and  how  well  the  return  light  is  coupled  back  into  the  laser 
cavity‘s.  The  extent  of  line  broadening  or  line  narrowing  is  determined  by 

Af/Afo  =  [1  -H  X  +  (t)R)]2  (1) 

where 

(t)o  =  cOqX  +  (j)in,  X  =  Kx(l  +  (j)R  =  tan'^  a.  (2) 

and  Af  is  the  laser  linewidth  with  feedback,  Af^  is  the  free  running  laser 
linewidth,  cOq  is  the  free  running  laser  frequency,  x  is  the  round  trip  time  of 
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flight  in  the  external  cavity,  (])„,  is  the  phase  shift  due  to  the  external 
reflector,  a  is  the  linewidth  parameter,  and  k  is  the  feedback  coupling  rate. 
When  considering  phase  conjugate  feedback  to  a  diode  laser,  and 
comparing  the  results  with  conventional  feedback,  it  can  be  seen  that  k  is 
not  the  same  for  the  two  cases.  Also,  while  x  can  be  controlled  in  the 
conventional  case  by  the  experimentalist,  it  cannot  be  controlled  in  the 
phase  conjugate  case. 

For  a  conventional  reflector  the  round  trip  phase  delay  is  determined 
by  the  path  length  of  the  external  cavity.  For  any  set  of  laser  parameters 
the  narrowing  or  broadening  of  the  linewidth  depends  on  the  position  of 
the  external  reflector^.  Therefore,  for  low  external  feedback  both 
linewidth  narrowing  or  broadening  can  take  place  and  can  be  controlled  by 
changing  the  length  of  the  external  cavity. 

A  photorefractive  self-pumped  external  cavity  has  a  delay  which  is 
independent  of  the  position  of  the  phase  conjugate  reflector.  It  is 
determined  by  the  boundary  conditions  of  the  laser  and  the 
photorefractive  phase  conjugate  mirror.  This  phase  delay  is  equal  to  an 
integer  multiple  of  2n; 

<l>0  +  ‘t>R  =  2n7t  (3) 

where  co  is  the  frequency  of  the  laser  and  n  is  any  integers.  When  this 

boundary  condition  is  satisfied,  the  threshold  gain  is  reduced  to  its 

minimum  value.  Imposing  the  condition  on  the  model  developed  by 

Agrawal'^  it  is  found  that  the  lasing  linewidth  is  always  decreased,  but  not 
by  the  maximum  amount.  This  should  be  contrasted  with  a  conventional 
reflector  where  the  optimal  phase  delay  is  that  which  compensates  the 
phase  due  to  the  linewidth  parameter,  i.e.,  the  phase  delay  which  produces 
the  maximum  linewidth  narrowing.  Because  the  complex  amplitude  of  the 
photorefractive  phase  conjugate  return  is  itself  not  conjugate^,  i.e.; 

A  /  A*  (4) 

the  feedback  can  be  treated  in  the  same  manner  as  a  conventional 
reflector  where  the  total  round  trip  phase  delay  is  restricted  to  2n7t. 

In  our  experiments  a  Hitachi  HLP1400  laser  is  coupled  to  a  ring 
passive  phase  conjugate  mirror  (PPCM)  that  is  constrained  to  unidirectional 
(Fig.  1).  This  prevents  reflection  gratings  to  be  formed  in  the 
photorefractive  crystal  and  minimizes  the  effects  of  grating  competition. 
The  photorefractive  material  used  in  the  ring  PPCM  is  barium  titanate.  An 
etalon  is  inserted  into  the  external  cavity,  as  shown,  to  keep  the  laser 
single  mode  even  v/ith  feedback.  For  the  phase  conjugate  reflectivities  of 
0.2%  the  FWHM  linewidth  is  decreased  by  80%.  This  is  shown  in  Fig.  2 
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where  the  decrease  in  linewidth  is  clearly  seen.  Using  Eq.'s.  1  and  2,  the 
expected  decrease  is  73%.  It  has  also  been  observed  that  he  laser 

frequency  is  more  stable  with  the  PPCM  that  with  a  conventional  reflector. 
There  is  no  frequency  jitter  of  the  line  center  such  as  that  observed  with 
conventional  feedback.  We  suggest  here  that  this  is  due  to  the  slow 
response  time  of  the  barium  titanate.  Any  jitter  from  the  central  lasing 
frequency  does  not  have  enough  time  to  write  a  new  holographic  grating. 
Only  that  central  frequency  is  coupled  back  into  the  laser  . 


a 


b 

Fig.  2  Linewidth  narrowing,  a)  with  feedback,  b)  free  running  laser. 
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Summary 

Previous  work*-^  has  shown  that  a  popular  photorefractive  phase  conjugator  is  the  ring 
passive  phase  conjugator  (ring  PPCM).  The  ability  of  the  ring  PPCM  to  reconstruct  images  is  weU 
documented^.  We  have  recently  demonstrated  that  the  fidelity  of  this  image  reconstruction  is  good^. 
This  was  accomplished  by  measuring  the  ratio  of  the  beam  quality  of  the  phase  conjugate  reflection 
of  a  laser  diode  to  the  beam  quality  of  the  diode  laser  when  a  phase  aberrator  was  placed  before  the 
ring  PPCM.  Good  optical  phase  conjugate  fidelity  suggests  that  the  phase  conjugate  feedback 
should  couple  back  into  the  diode  laser  quite  weU.  We  have  also  shown,  experimentally,  that  the 
round  trip  phase  delay  for  a  photorefractive  phase  conjugator,  and  indeed  any  phase  conjugator,  is 
an  integral  multiple  of  2ji^.  This  phase  delay  is  independent  of  the  position  of  the  reflector.  It  must 
be  noted,  however,  that  while  the  fidelity  of  the  phase  conjugate  feedback,  and  the  Inn  phase  delay 
are  independent  of  the  position  of  the  phase  conjugate  reflector,  the  round  trip  time  of  flight  in  the 
external  cavity  is  dependent  on  the  position  of  the  reflector  when  it  is  a  ring  PPCM.  The  only 
requirement  is  that  the  2nn  round  trip  phase  delay  be  satisfied,  i.e.,  the  round  trip  time  of  flight  must 
be  an  integral  multiple  of  the  inverse  of  the  frequency,  t  =  nA'  =  nTJc.  Because  the  round  trip  phase 
delay  is  constrained,  the  amount  of  linewidth  narrowing  is  also  constrained*.  When  the  round  trip 
time  of  flight  is  less  than  the  coherence  time  of  the  laser,  the  linewidth  of  a  single  line  is  also 
independent  of  the  position  of  the  reflector. 

The  above  work,  however,  has  not  considered  that  the  reflectivity  of  a  photorefractive  phase 
conjugator  may  depend  on  the  intensity  of  those  beams  which  write  the  photorefractive  gratings*. 
A  general  rule  of  thumb  is  that  when  the  ratio  of  the  rate  of  photoexcitation  to  thermal  excitation  of 
carriers  is  greater  than  unity,  the  grating  strength  is  independent  of  the  writing  intensity.  If, 
however,  that  ratio  is  less  than  unity,  then  the  grating  strength  is  approximately  linear  with  the 
intensity.  The  result  is  that  the  phase  conjugate  reflectivity  is  also  dependent  on  the  ratio  of  the 
rates  of  photoexcitation  to  thermal  excitation.  Taking  account  of  this  effect  and  its  impact  on 
photorefractive  feedback,  it  is  seen  that  the  weaker  modes  of  the  laser  diode  will  "see"  a  lower 
external  cavity  reflectivity.  Those  modes  too  weak  to  write  a  photorefractive  grating  within  the 
crystal  will  not  have  a  phase  conjugate  reflection  at  all.  Since  all  lasing  modes  undergo  the  same 
2nn  round  trip  phase  delay,  the  effective  reflectivity  (derived  from  the  output  coupler  facet 
reflectivity,  the  external  reflector  reflectivity,  and  the  round  trip  phase  delay)  is  dependent  only  on 
the  grating  strength  in  the  photorefractive  phase  conjugator,and  hence  only  on  the  intensity  of  the 
laser  mode.  It  must  be  concluded  that  for  the  phase  conjugate  external  cavity,  the  strongest  modes 
having  the  greatest  effective  reflectivity  will  have  the  greatest  decrease  in  threshold  gain.  This 
results  in  a  narrowing  of  the  envelope  of  the  laser  diode  spectrum.  It  will  also  narrovi/  the  linev/idth 
of  a  single  mode,  but  by  a  very  small  amount. 

We  have  calculated  the  general  effects  of  envelope,  narrowing  for  a  unidirectional  ring 
PPCM.  The  grating  strength  was  determined  using  the  band  transport  model  for  photorefractive 
materials  ■•*.  The  reflectivity  was  calculated  based  on  Kogelnik’s  expressions  for  transmission 
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volume  holograms*.  With  the  intensity  dependent  external  cavity  reflectivity  determined,  the 
effective  reflectivity  was  then  calculated  and  used  to  determine  the  mode  intensity.  The  results  of 
these  calculations  are  shown  in  Fig.  1.  Here  the  lasing  envelope  is  compared  with  the  multimode 
spectrum  if  the  external  reflectivity  were  the  same  for  all  modes.  In  both  cases  there  is  a  2nn  round 
trip  phase  delay.  Clearly  observable  are  the  effects  of  envelope  narrowing  and  a  slight  linewidth 
narrowing.  The  photorefractive  phase  conjugator  is  acting  like  a  filter  which  preferentially  selects 
the  strongest  laser  modes.  The  envelope  narrowing  effects  are  more  pronounced  for  lower  laser 
intensity  and  less  pronounced  for  higher  laser  intensity. 

These  effects  of  envelope  narrowing  were  confirmed  experimentally.  In  our  experiments 
a  Hitachi  HLP1400  laser  diode  is  coupled  to  a  ring  PPCM  that  is  constrained  to  be  unidirectional 
(Fig.  2).  The  advantages  of  such  a  geometry  are  described  elsewhere'*.  The  photorefractive  material 
used  is  barium  titanate.  The  laser  spectrum  was  compared  to  that  of  a  laser  diode  coupled  to  an 
external  cavity  with  a  dielectric  mirror,  i.e.,  we  compared  the  effects  of  phase  conjugate  feedback 
to  conventional  feedback.  In  both  cases  the  laser  is  multimode  when  coupled  to  the  external  cavity. 
As  can  be  seen  in  Fig.  3,  however,  the  envelope  for  the  phase  conjugate  feedback  is  narrower  than 
that  for  the  conventional  case.  It  can  also  be  seen  that  in  the  conventional  case  the  gains  for  the 
different  longitudinal  modes  vary  with  the  phase  delay  as  each  mode  experiences  a  different  round 
trip  phase  delay.  This  is  not  the  case  for  the  phase  conjugate  cavity  because  all  of  the  modes 
experience  the  same  round  trip  phase  delay. 
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Fig.  1  Calculated  envelope  narrowing  for  a  diode  laser, 
solid  line:  no  photoreactive  narrowing,  dashed  line:  photorefractive  narrowing. 
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Fig.  3a  Free  running  laser  diode  spectrum. 
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Fig.  3b  Laser  diode  spectrum  with  conventional  feedback. 


Fig.  3c  Laser  diode  spectrum  with  phase-conjugate  feedback. 
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We  report  the  results  of  our  theoretical  and  experimental  analysis  of  transverse 
dynamics  of  photorefractive  oscillators  (PRO).  Our  theoretical,  numerical,  and 
experimental  analysis  shows,  that  the  field  dynamics  in  PROs  is  very  similar  to  that  in 
Class- A  lasers. 

An  equation  of  the  Complex  Ginzburg-Landau  type  can  be  derived  for  the  optical 
field  dynamics  E(?,t)  in  the  single-  longitudinal-  mode  PRO: 

=  (l+i)‘E[(p-l)  -  |E|^]  -  i*p- [p-d^^-l] ‘E  -  ?*[m^^-1]^-E 

here  p  is  the  pump  parameter,  d  is  the  diffraction  constant,  p  is  the  cavity  detuning, 

the  Laplace  operator  in  a  two  dimensional  plane  normal  to  the  optical  axis  of  the  PRO 
system,  and  y  is  the  relaxation  rate  of  PRO  material. 

This  is  the  so  called  Laser  Ginzburg-Landau  Equation  (LGLE)  which  have  been 
derived  from  the  Maxwell-Bloch  equation  system  for  Class- A  lasers  [1.2].  In  addition  to 
terms  of  the  usual  Complex  Ginzburg-Landau  Equation  (CGLE),  a  second  order  diffusion 
term  (the  last  term  in  rhs.  of  LGLE)  is  present.  Due  to  this  term  radiation  with  certain 

transverse  wave-numbers  =  (l-P)/d)  grows  most  strongly  in  the  LGLE,  this 

corresponds  to  the  Tilted  Wave  (TW)  excitation  in  Class-A  lasers  [3]. 

The  PRO  -  Class-A  laser  correspondence  is  confirmed  by  numerical  integration  of 
the  PRO  equations  [4],  and  of  the  LGLE.  The  experimental  observation  of  transverse  field 
structure  emitted  by  a  PRO  also  shows  the  properties  expected  for  Class-A  lasers.  The 
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tunability  to  different  transverse  mode  families,  the  pure  transverse  mode  patterns  and 
square  vortex  lattices,  as  well  as  the  periodic  and  turbulent  behavior  (also  reported  in 
[5]),  gives  evidence  of  the  PRO  -  Class- A  laser  analogy. 

We  investigate  particularly  the  Square  Vortex  Lattices  (SVL)  in  PROs  and  Class-A 
lasers.  The  SVL  has  been  shown  to  appear  at  the  threshold  of  a  laser  tuned  to  a  high 
enough  transverse  mode  family  [2].  The  SVL  in  two  dimensions  is  the  analog  of  a  Standing 
Wave  (SW)  in  one  dimension.  These  patterns  appears  due  to  the  influence  of  lateral 
boundaries  of  PROs  or  Class-A  lasers.  Without  lateral  boundaries  the  Tilted  Wave  (TW)  is 
excited  in  wide  aperture  Class-A  lasers  [3]. 

Further,  the  destabilization  of  SVLs  and  SWs  is  investigated  when  increasing  of 
the  pump  parameter.  In  the  case  of  one  transverse  dimension  a  sharp  transition  between 
SW  and  the  TW  occurs  for  a  particular  value  of  the  pump  parameter.  The  pump  parameter 
corresponding  to  the  transition  depends  on  the  transverse  size  of  the  system.  This  SW  - 
TW  transition  is  also  interpreted  in  terms  of  phase  locking  between  transverse  mode 
families. 


(a)  (b)  (c) 


PRO  transverse  patterns  obtained  from  numerical  integration  of  the  LGLE:  (a)  - 
stationary  vortex  lattice,  (b)  -  distorted  vortex  lattice,  (c)  -  nonstationary 

(turbulent)  pattern. 


Also  in  the  case  of  two  transverse  dimensions  is  the  SVL  replaced  by  a  TW-dominated 
pattern  for  large  pump  values.  The  SVL-TW  transition  is  in  this  case  more  complicated 
than  in  the  case  of  one  spatial  dimension.  The  transition  scenario  depends  strongly  on 
the  shape  of  lateral  boundaries.  For  square  boundaries  the  increase  of  pump  results  in 
destruction  of  the  SVL  and  onset  of  domains  of  TWs  directed  oppositely  and  separated  by 
rows  of  vortices.  For  circularly  symmetric  lateral  boundaries  the  numerical  results  show 
that  dislocations  in  the  vortex  lattice  appear  first,  then  nonstationary  dynamics  sets 
in.  For  certain  values  of  the  pump  parameter  stationary  TW  domains  have  been  also 
observed  numerically. 


A  stationary  pattern  consisting  of  domains  of  TWs  directed  oppositely  and  separated  by 
array  of  vortices 
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The  nonlinear  optical  properties  of  polydiacetylene  (PDA)  are  of  interest  both 
fundamentally  and  technologically.  The  nonresonant  third  order  susceptibility  as¬ 
sociated  with  the  nonlinear  refractive  index  n2  has  been  found  to  be  relatively  large 
(>10~“esu)  and  ultra-fast  (<  Ips).  Here  we  show  how  the  reflectivity  response  of  a 
grating  coupled  PDA  waveguide  can  be  analysed  to  yield  both  the  real  and  the  imag¬ 
inary  parts  of  ^  single  experiment  with  the  sample  in  thin  film  form.  Figure  1 

shows  the  absorption  spectrum  of  the  blue  thermally  evaporated  P4BCMU  with  a  well 
defined  band-edge  at  630nm.  The  inset  shows  the  experimental  waveguide  configuration 
including  the  optically  thick  silver  layer  used  to  produce  the  high  reflectivities  and  the 
low  propagation  lengths  (j«30/im,  <<beam  spot,  Vo  —  155pm)  allowing  a  completely 
rigorous  solution  of  Maxwell’s  equations  [1]  in  a  non-planar  system.  The  laser  system  is 
a  Nd:YAG  operating  in  TEMqq  mode  producing  30ps  pulses  with  a  4Hz  repetition  rate. 


The  angular  reflectivity  scan  for  the  guide  at  A  =1. 064pm  using  TM-polarized 
radiation  together  with  the  associated  electric-field  profile  at  the  surface  plasmon  (SP) 
coupling  angle  of  12.84°  are  shown  in  figures  2a  and  2b  respectively.  Clearly  there  has 
been  a  decrease  in  coupling  angle  A0  =  —0.10°  and  coupling  efficiency  Sr]  =  —20%  with 
increasing  irradiance.  The  fit  to  the  data  points  for  both  low  (IpJ)  and  high  (lOpJ) 
incident  energies  is  self-consistent,  with  the  polymer  dielectric  constant  (e  =  ej  -f  i€2) 
allowed  to  vary  as  e,  =  e,o  -fi  Xt\E\^  (i=l,2)  at  each  point  on  the  curve  where  |E|  is  the 
local  electric  field  averaged  .spatially  throughout  the  guide  and  e,o  is  the  linear  value. 
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Any  degeneracies  in  the  fitting  procedure  are  removed  by  having  fitted  the  data  at  a 
wavelength  of  632. 8nm  fixing  the  thickness  of  the  polymer  guide  to  0.83/xm.  These 
results  give  values  for  Re(x^^^)  =  —(2.5  ±0.4)  x  which  corresponds  to  n2  = 

-(1.5  ±  0.2)  X  and  Im(x(^))  =  (4.0  ±  0.5)  x  10““esu  corresponding  to 

a  two-photon  absorption  coefficient  (TPA)  of  (28  ±  4)cmGkF“b  (Re(x^^^)  =  2ceono7i; 
Im(x^^^)  =  2ceono72  ;  Hq  is  the  linear  index  and  Cq  is  the  permittivity  of  free-space). 


Peak  local  irradiances  are  around  5  GW  cm  ^ 


Incident  angle 


o' 


Great  care  must  be  taken  when  assigning  an  electronic  rather  than  a  thermal  ori¬ 
gin  to  the  observed  nonlinearity.  Three  control  experiments  are  therefore  performed 
to  demonstrate  the  electronic  origin  of  these  results.  The  first  experiment  concerns 
the  possibility  of  a  thermal  perturbation  to  the  surface  plasmon  coupling  conditions. 
Calculations  suggest  the  electron  gas  and  the  lattice  of  the  silver  film  undergo  consid¬ 
erable  heating  during  the  30ps  pulse  to  peak  temperatures  of  around  TOOK  and  200K 
respectively  above  room  temperature.  Work  by  Van  Exter  et  al  [2]  allows  a  prediction 
of  the  corresponding  changes  in  ei  and  €2  for  the  silver.  These  are  Aci  =±0.10  (with 
80%  lattice  contribution)  and  Ae2  =±0.15  (100%  lattice).  Although  these  changes  are 
non- negligible,  owing  to  the  large  dielectric  constant  of  silver  at  1.064  pm  (ei  =  -50, 
62  =2.80)  calculations  show  these  should  not  significantly  perturb  the  mode.  To  confirm 
this  a  limiter  experiment  performed  at  the  SP  resonance  angle  of  a  substrate  |  silver 
interface  reveals  no  irradiance-dependent  shift  in  reflectivity  as  shown  in  figure  3. 


Incident  energy  /  (micro-J) 
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Despite  a  predicted  timescale  of  ns  for  the  heat  generated  in  the  silver  to  diffuse 
into  the  polymer  film,  concern  still  remains  that  this  heat  transfer  could  account  for 
the  shifts  seen  in  figure  2a.  Use  is  made  of  the  solid-state  UV  polymerization  of  PDAs 
to  eliminate  this  possibility.  A  monomer  4BCMU  waveguide  is  produced  with  similar 
thermal  properties  to  the  polymer  and  the  shift  in  reflectivity  near  the  resonance  angle 
monitored  with  increasing  irradiance.  The  film  is  then  polymerized  in  situ,  effectively 
sv/itching  on  the  electronic  nonlinearity,  and  the  limiter  scan  repeated  near  the  nev/ 
resonance  angle.  The  results  shown  in  figure  4  clearly  show  no  nonlinearity  for  the 
monomer  but  a  systematic  shift  for  the  polymer.  On  the  basis  of  these  results  we  are 
confident  the  observed  nonlinear  behaviour  in  the  P4BCMU  waveguide  is  electronic  in 
origin.  Ov/ing  to  the  relatively  large  angular  half- width  of  these  modes  {A6  fa  1°)  the 
angular  detuning  from  resonance  is  chosen  to  maximize  dRjdti.  This  is  unnecessary 
for  modes  where  AO  is  comparable  with  the  observed  shifts  as  is  the  case  with  the  SP 
resonance  used  in  figure  3. 

Figure  4 


Incident  energy  /  (micro-J)  Incident  energy  /  (micro-J) 


The  sign  and  magnitude  of  n2  agree  well  with  a  recent  self-defocussing  experiment 
giving  n2  =  -(l-2)x  10~‘^cm^GlU“*  [3].  The  TPA  coefficient  lies  within  the  range  of 
reported  values  (1.3-46)c7nGfU“^  [4].  It  should  be  noted,  however,  that  these  reported 
TPA  results  were  obtained  with  red  form  spun  P4BCMU  using  TE  polarization.  We 
believe  the  anisotropy  of  the  polymer  film  should  make  a  TE  measured  TPA  value 
significantly  higher  (x  20)  than  the  TM  value  measured  in  this  work.  Clearly  this  is 
not  consistent  with  our  results  and  will  be  the  subject  of  further  investigation. 
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Certain  doped  compound  semiconductors  exhibit  persistent  photoconductivity  (PPC)  at 
low  temperatures  as  a  result  of  the  optical  ionization  of  electrons  from  deep,  spatially  localized, 
donor  levels  known  as  DX  centers  (see  ref.  [  1]  for  a  thorough  review).  We  calculate  that  this  release 
of  carriers  also  produces  a  refractive  index  shift  (through  the  plasma  effect)  which  is  30  times  larg¬ 
er  than  that  of  conventional  photorefractive  materials.  We  report  the  results  of  diffraction  measure¬ 
ments  on  samples  of  AlGaAs  which  support  this  prediction.  The  induced  index  changes  can  be 
erased  by  heating  above  an  annealing  temperature  determined  by  the  material  composition. 

Deep  donors  in  AlGaAs  exhibit  two  stable  structural  states  at  low  temperatures  [1-3]  as  de¬ 
picted  in  Eigure  1  where  the  horizontal  axis  characterizes  the  position  of  the  donor  atom  in  the  lat¬ 
tice.  The  curve  to  the  left  corresponds  to  the  total 
energy  for  the  usual  hydrogenic  state  of  the  donor 
while  that  to  the  right  corresponds  to  the  donor  hav¬ 
ing  captured  an  electron  to  become  negatively 
charged  [4],  For  the  AlxGa(i.x)As  system  studied 
here,  this  DX  state  is  the  ground  state  when 
X  >  0.22  and  a  reduction  of  the  free  carrier  concen¬ 
tration  by  many  orders  of  magnitude  is  observed  as 
the  sample  temperature  is  lowered  and  carriers  be¬ 
come  trapped  in  DX  centers.  [5] 

PPC  occurs  when  electrons  trapped  in  DX 
states  are  ionized  by  photons  of  energy  Egpt-  The 
photo-conversion  of  all  DX  centers  to  ionized  shallow  donors  produces  a  carrier  density  equal  to 
the  original  doping  density.  Recapture  of  the  electrons,  which  requires  excitation  over  the  capture 
barrier  E^ap,  does  not  occur  when  the  temperature  is  sufficiently  low.  The  carrier  concentration  re¬ 
mains  high  indefinitely  even  after  the  exciting  light  source  has  been  removed.  [3].  It  is  this  change 
in  carrier  concentration  which  leads  to  a  strong  photorefractive  effect  through  an  increased  polar¬ 
izability  of  the  free  carriers  (the  plasma  effect).  If  the  exposing  light  intensity  is  a  function  of  posi¬ 
tion,  as  in  the  formation  of  a  holographic  grating,  a  spatial  variation  in  the  degree  of  ionization  of 
DX  centers  occurs.  We  estimate  that  the  electrons  liberated  by  the  ionization  of  DX  centers  are  con¬ 
strained  by  Coulombic  attraction  to  remain  within  ~100nm  of  the  positive  ions  they  leave  behind. 
The  resulting  spatial  variation  in  refractive  index  can  lead  to  the  formation  of  a  diffraction  grating. 

We  have  made  a  series  of  measurements  on  LOp-m  thick  Si  doped  samples  of 
AIq  27Gap  73AS  grown  by  molecular  beam  epitaxy  on  GaAs  substrates  which  were  polished  on  the 
back  to  allow  for  optical  transmission.  A  wafer  was  cleaved  into  rectangular  samples  (2x4  mm) 
for  conductance  and  carrier  concentration  (Hall  effect)  measurements  and  square  samples 
(6x6  mm)  for  optical  diffraction  measurements. 

Samples  were  put  into  the  highly  resistive  state,  with  carriers  trapped  in  DX  centers,  by 
cooling  in  the  dark  from  room  temperature  to  20K.  Carrier  concentration,  N(cmG),  was  then  mea¬ 
sured  as  a  function  of  exposure  to  HeNe  laser  light.  Figure  2  shows  the  change  in  cander  concen- 
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tiation,  AN(cm'^),  relative  to  the  unexposed 
case.  At  saturation,  which  occurs  at  a  fluence 
near  1  mJcm  ,  AN  reaches  4x10  cm'  .  Be¬ 
low  a  fluence  of  -100  |aJcm'^,  AN  is  seen  to 
be  linear  in  exposure  with  a  quantum  efficien¬ 
cy  near  unity.  Theoretically,  the  maximum  ^ 
quantum  efficiency  is  2  since  the  absorption  ^ 
of  each  photon  by  a  negatively  charged  DX 
center  releases  1m>o  electrons  into  the  conduc-  ^ 
tion  band.  [4]  ^ 

In  order  to  measure  the  change  in  re¬ 
fractive  index  resulting  from  the  carrier  con¬ 
centration  change,  a  diffraction  grating  was 
written  into  the  sample  using  two  interfering 
beamis  of  HeNe  laser  light.  The  interference 
caused  a  linear  fringe  pattern  at  the  sample 
with  a  grating  period  of  32  }im.  A  high  de¬ 
gree  of  conductance  anisotropy  was  found  in 


Optica!  Fluence  (J/cm^) 
Figure  2 

samples  which  had  been  exposed  in  this  way,  indicating  that  a  grating  in  carrier  concentration  was 


impressed  in  the  material. 

Exposed  samples  were  examined  for  the  presence  of  a  transmission  grating  using  a  probe 
beam  at  1 .5  qm  wavelength.  The  0.83  eV  energy  of  the  probe  photons  is  too  low  to  cause  ionization 
of  the  remaining  DX  centers.  A  typical  measurement  of  intensity  versus  diffraction  angle  is  plotted 
in  Figure  3,  where  zero  angle  refers  to  the  position  of  the  zeroth  order,  undiffracted  beam  (which  is 
attenuated  by  about  50%  by  reflections  at  the  sample  surfaces).  Both  first-order  diffracted  beams 
are  seen  in  the  scan,  at  the  expected  angle,  with  a  diffraction  efficiency  of  1 .3  x  10"^.  To  our  knowl¬ 
edge  this  is  the  first  observation  of  diffraction  resulting  from  the  photoionization  of  DX  centers. 
Second  order  peaks  are  also  visible  at  about  one  tenth  the  efficiency  of  first  order.  The  baseline  scan 
in  Figure  3  was  taken  after  the  sample  was  subjected  to  a  large  uniform  fluence  (>10  mJcm'9  of 
HeNe  laser  light  to  ionize  all  DX  centers.  Neither  diffraction  nor  conductivity  anisotropy  was  ob¬ 
served  in  the  sample  after  this  exposure,  indicating  that  the  grating  was  no  longer  present.  Features 
seen  in  both  scans  at  -0.7  degrees  result  from  a  spurious  reflection  in  the  apparatus. 

We  determine  the  refractive  index  change  in  our  1  |im  thick  epitaxial  sanmle  from  the  fol¬ 
lowing  expression  for  the  diffraction  efficiency  of  a  phase  grating  [6]:  r|  =  e'^^^m^TcAndAo).  Here 
a  is  the  absorption  coefficient,  d  is  the  grating  thickness  and  Xq  is  the  read-out  wavelength  in  vac- 
uumi  (1.5|J,m).  Ignoring  the  (very  low)  absorption  due  to  the  substrate,  we  find  an  index  change  of 
An  =  5.8  X  10'^  which  is  30  times  larger  than  the  An  reported  for  conventional  photorefractive  ma¬ 


terials  such  as  BaTi03  [6]. 

We  now  estimate  the  expected  index  change  due  to  the  plasma  effect.  There  is  no  conven¬ 
tional  photorefractive  effect  here  since  both  exposed  and  unexposed  regions  are  electrically  neutral. 
Tne  dielectric  constant,  e(oo),  of  a  senriconductor  is  given  by:  e(co)  =  8o(ro)  -  (Op^/ Here  (o  is  the 
measurement  frequency,  8o(o3)  is  the  dielectric  constant  in  the  absence  of  the  plasma,  and  is  the 
plasma  resonance  frequency  given  by  cOp^  =  47tN^?^/m*,  where  N  is  the  carrier  density,  m  is  the 
carrier’s  effective  mass,  and  e  is  its  charge.  We  find  for  the  expected  refractive  index  change  due 
to  a  carrier  concentration  change  (for  to  »  cOp):  An  =  -(27tANA)/(nom*co^).  Taking  a  carrier  den- 
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trons  in  the  T-band  (normalized  to  the  free-electron  rest  mass)  of  0.09,  we  find  an  expected  index 
change  An  of  6.5  x  10“  ''  compared  with  our  experimentally  determined  value  of  5.8  x  10'^. 

The  value  of  (Fig.  1),  which  determines  the  maximum  temperature  of  operation  for 
both  PPC  and  this  new  photorefractive  effect,  depends  on  the  material  composition.  In  the 
AlxGa(i_x)As  system,  persistent  photoconductivity  is  stable  at  liquid  nitrogen  temperatures  for 

X  =  0.3.  Furthermore,  PPC  at  _ _ _ _ _ 

room  temperature  may  be  pos-  l  o'*  r  '  '  '  ^  Z 

sible  with  wide  bandgap  II-VI  ;  1  = 

compounds:  DX  centers  simi-  i  r  Z 

lar  to  tho,se  in  AlGaAs  have  ;  I 

been  observed  in  ZnCdTe:In  >,  1  r  Z 

[7]  and  PPC  has  been  reported  %  -  I  : 

in  CdS:Cl  at  temperatures  up  a  i  o'  r  \  Z 

to  250K,  though  it  is  not  cur-  -E  :  I  /  \  - 

rently  known  whether  this  is  >  i  o°  r  i  v  /  \  \  - 

caused  by  DX  centers  or  by  ^  i  \  I  Signal  Scan  1 

some  other  mechanism.  [8].  1  o''  -  i  v  \ 

In  addition  to  its  larger  ^ 

index  change,  this  new  effect  i  o'^  r  »  uX**'*^ 

offers  several  other  advantages  Baseline  J 

over  conventional  photorefrac-  ^  q-s  iT  *  i _ ^ _ ,  ,  ' 

tive  materials,  e.g.,  once  index  -4-2  0  2  4 

changes  are  “written”  they  are  Diffraction  Angle  (degrees) 

not  erased  by  subsequent  expo-  Figure  3 

sures.  This  significantly  reduces  the  energy  required  to  write  and  dramatically  increases  the  number 
of  possible  stored  holograms.  [9].  Thermal  erasure  is  possible  and  we  are  investigating  the  possi¬ 
bility  of  optical  erasure. 

We  would  like  to  thank  Dr.  M.  Mizuta  of  the  NEC  Tsukuba  laboratory  for  providing  early 
samples  for  this  study  and  for  his  useful  advice  on  techniques  for  obtaining  reliable  ohmic  contacts. 
We  are  grateful  to  J.  Bennett  for  his  technical  assistance  and  to  Dr.  R.  MacDonald  for  useful  dis¬ 
cussions  and  help  with  sample  preparation. 
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A  number  of  spatially  nonlinear-optical  materials,  such  as  photorefractive  media,  are 
suitable  for  volume  holography.  High  Bragg  selectivity  of  thick  media  has  led  to  the  devel¬ 
opment  of  applications  of  multiplex  volume  holography  ranging  from  binary  and  analog  data 
storage,  to  associative  memory,  to  neural  networks,  to  optical  interconnects.  An  important 
consideration  is  the  balance  between  capacity  and  noise.  We  examine  here  crosstalk  for  an¬ 
gular,  phase-encoded,  and  wavelength  multiplexing  for  holographic  data  storage  and  describe 
the  properties  of  null-matched  arrangement  of  referrace  waves,  presenting  new  results  for 
adjacent,  sparse,  and  fractal  strategies.  We  emphasize  the  impact  of  signal  bandwidth  on 
crosstalk  and  describe  how  crosstalk  limits  storage  capacity.  We  consider  first  crosstalk  due 
to  Bragg  mismatch  (mismatch- limited  crosstalk),  and  then  relate  it  to  other  noise  sources 
present  in  a  holographic  memory  system. 

Angular  multiplexing  is  perhaps  the  most  widely  studied  technique  for  superimposing 
pages  of  holographic  data  in  a  medium.  For  several  rnultiplexing  strategies,  we  are  iriterested 
in  evaluating  the  capacity  using  a  crosstalk  criterion,  for  which  we  define  the  signal-to- 
crosstalk  ratio  (SXR)  as  the  ratio  between  the  ensemble  average  of  intensity  of  the  desired 
signal  to  the  ensemble  average  of  the  undesired  reconstruction.  Early  estimates  for  mismatch- 
limited  crosstalk  by  Ramberg  are  based  on  the  average  occurrence  of  crosstalk  arising  from 
Bragg  mismatch  for  randonaly  ordered  reference  waves,  with  the  signal-to-crosstalk  ratio 
estimated  to  be  [1]: 

SXR  =  iH^.  (1) 

in  which  L  is  the  length  of  the  medium,  A  is  the  wavelength  of  light  in  free  space,  n  is  the 
index  of  refraction,  and  N  is  the  number  of  stored  holograms. 

Angular  selectivity  is  optimized  for  perpendicular  signal  and  reference  wavevectors  [2,  3, 
4,  5],  which  is  especially  important  for  media  in  which  forward  and  back  scattering  dominate. 
We  evaluate  a  number  of  angular  and  other  monochromatic  multiplexing  techniques  in  which 
signal  and  reference  wavevectors  lying  in  a  plane  of  incidence  are  centered  essentially  norrnal 
to  perpendicular  surfaces  of  a  medium  and  placed  at  the  nulls  of  the  angular  selectivity 
function.  Careful  selection  of  reference  reference  beams  permits  significant  improvement 
over  the  Ramberg  limit.  For  paraxial  signal  waves,  Gu  et  al.  place  plane  reference  waves  at 
adjacent  nulls,  for  which  [3]: 

SXR  =4^—.  P) 

N  A  n.a. 

in  which  n.a.  is  the  numerical  aperture  of  the  stored  signal. 
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Because  of  constraints  of  peripheral  devices,  it  may  be  necessary  to  space  the  reference 
waves  as  sparsely  as  possible  for  a  given  range  of  reference  wavevectors,  in  which  Nb  is  the 
maximum  number  of  accessible  reference  wavevectors  for  a  given  optical  system  [5].  For 
proper  placernent  of  reference  waves,  the  same  signal-to-noise  ratio  may  be  achieved  as  for 
adjacent  spacing  [Eq.  (2)]. 

We  compare  these  techniques  and  identify  additional  strategies  to  improve  crosstalk  per¬ 
formance  in  a  holographic  storage  system.  We  show  that  for  fractal  geometries  in  which 
additional  reference  beams  are  included  out  of  the  plane  of  incidence,  as  implemented  ex¬ 
perimentally  by  Mok  [4],  mismatch-limited  signal-to-crosstalk  ratio  can  be  estimated  by 


SXR  = 


Nx  2nL  1 
N  A  n.a. ’ 


(3) 


in  which  Nx  is  the  additional  number  of  rows  out  of  the  primary  plane  of  incidence. 

We  show  further  that  phase-encoded  multiplexing  of  high- bandwidth  signals  results  in 
modest  improvement  in  mismatch-limited  crosstalk  over  angular  multiplexing  and  compare 
the  strategies  outlined  here  for  angular  multiplexing  to  similar  strategies  for  wavelength 
multiplexing.  For  example,  for  wavelength  multiplexing  in  a  counterpropagating  geometry 
with  adjacent  spacing,  the  mismatch-limited  signal-to-crosstalk  ratio  is  estimated  to  be  [6] 


SXR  = 


4 

(n.a.)2’ 


(4) 


We  show  that  for  sparse  spacing  of  wavelengths,  mismatch-limited 
such  that 


N  (n.a.)2 


crosstalk  can  be  improved, 


(5) 


The  criteria  for  comparison  discussed  above  are  based  on  ensemble  averages  of  mismatch- 
limited  crosstalk.  We  discuss  the  validity  of  these  estimates  and  the  impact  of  the  variance 
of  crosstalk  on  system  performance.  Additional  sources  of  crosstalk  are  dispersion  in  the 
response  of  the  medium  as  a  function  of  grating  vector  and  limitations  in  the  accuracy  of  pe¬ 
ripheral  devices.  Furthermore,  scatter  arising  from  imperfections  in  the  active  medium  will 
contribute  to  noise  along  with  crosstalk.  Figure  1  compares  the  contributions  of  crosstalk 
and  scatter  to  overall  signal-to-noise  for  angular  multiplexing  and  shows  that  only  for  high- 
optical-quality  materials  will  crosstalk  be  the  limiting  criterion.  We  discuss  how  these  esti¬ 
mates  can  be  used  to  evaluate  total  bit  capacity  of  a  volume  holographic  storage  architecture 
for  a  number  of  signal  pixel  arrangements. 

This  research  has  been  supported  in  part  by  the  Advanced  Projects  Research  Agency 
through  contract  number  N00014-92-J-1903. 
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The  ultrafast  nonlinear  refractive  index  has  been  of  recent  interest,  particularly  in 
semiconductors,  due  to  the  possibility  of  fabricating  compact,  integrated  all-optical 
switching  elements  [1].  It  has  shown  that  can  be  obtained  by  a  nonlinear  Kramers- 
Kronig  transform  of  the  (nondegenerate)  nonlinear  absorption  (e.g.  two-photon 
absorption)  [2],  Applying  a  two  parabolic  band  model  for  a  semiconductor  provides 
the  material  scaling  and  approximate  dispersion  of  n2  [3],  although  the  resulting 
quantity  has  to  be  scaled  by  a  constant  factor  to  fit  experimental  data.  As  has  been 
shown  for  two-photon  absorption  [4],  this  difference  is  probably  due  to  the  neglection 
of  the  multiple  valence  bands  near  the  centre  of  the  Brillioun  zone.  In  this  paper,  the 
more  realistic  bandstructure  model  of  Kane  [5]  (consisting  of  a  conduction  band  and 
heavy-hole,  light-hole  and  split-off  valence  bands)  will  be  employed  in  the 
determination  of  ^2 .  Rather  than  use  a  nonlinear  Kramers-KrOnig  transform,  instead  a 
direct  calculation  of  rij  will  be  performed  which  is  numerically  simpler  and  also 
ensures  that  all  nonresonant  terms  are  properly  accounted  for. 


The  nonlinear  refractive  index  (defined  An  =  n2l)  for  linearly  polarised  light  and 
isotropic  media  (Kane  bandstructure  is  isotropic)  is  given  by, 

3 

=  - 2-Rex^(-co,co,(n).  (1) 

4SoCno 

From  a  density  matrix  treatment  based  on  a  A.p  perturbation,  the  third-order 
susceptibility  is  in  general, 

^4  jl^ 

=  -7775 - 77 — 7 - 7 — i - 

3\n  (cOj  -hC02  -KOjjcOjCOjWa 

xS,  y  (e;  p,„)(e2  P„p)(e,-Pp,)(erP^) 

—Oi  ~®3)(^«7  “  “p) 

where  mg  is  the  free  electron  mass,  e,  is  the  unit  vector  in  the  direction  of  the  ith 
polarisation  and  p^p  and  are  the  momentum  matrix  element  and  energy 


difference  respectively,  taken  between  the  electronic  states  a  and  p.  Here  Sj.  denotes 
that  the  expression  which  follows  it  is  to  be  summed  over  all  24  permutations  of  the 

pairs  (/,C0i  +  CO2  +“3)-  (y>®i)>  Four  of  these  permutations  can  be 

associated  with  two-photon  resonant  transitions  and  four  more  give  rise  to  the  triply 

resonant  one-photon  band  edge  nonlinear  refraction  [6].  The  form  of  given  in  eq. 
(2)  has  been  recognised  since  the  1960's  [7].  However  the  subsequent  evaluation  for 
n2  in  solids  has  not  been  possible  in  general  due  to  the  fact  that  some  of  the  terms 
diverge  when  one  or  more  of  the  frequency  denominators  are  zero.  We  demonstrate 
that  such  a  summation  can  be  performed  by  appropriately  grouping  terms  such  that 
cancellation  of  the  divergences  is  obtained  before  numerical  evaluation. 


The  resonances  in  eq.  (2)  are  of  two  types:  real  resonances  when  both  the  transition 
frequency  and  combination  of  optical  frequencies  are  finite  (but  cancel)  and  secular 
resonances  when  both  the  transition  frequency  and  combination  of  optical  frequencies 
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are  both  zero.  Secular  resonances  occur  solely  as  a  result  of  expressing  the  nonlinear 
susceptibility  as  a  summation  of  terms  in  eq.  (2)  and  should  cancel.  To  deal  with  both 

forms  of  resonances,  the  analytic  continuation  of  co  is  taken,  co^  co^  +ie  and  the 
limit  £  — >  +0  is  only  considered  after  the  summation.  This  eliminates  the  secular 
resonances  and  for  the  real  resonances,  the  real  part  of  is  then  given  by  the 
principal  value.  The  corresponding  imaginary  part  contains  the  Dirac  delta  function 
and  at  the  appropriate  frequency  provides  the  two-photon  absorption  coefficient  [8]. 

There  are  two  equivalent  approaches  to  performing  the  sum_  over  the  electronic  states 
g,  a,  P,  y  in  eq.  (2)  [6].  In  the  one  electron  approach  [7]  the  summation  is  performed 
as  it  is  set  out  in  eq.  (2)  ignoring  the  Pauli  exclusion  principle  for  the  vhtual  states  a, 

P,  y.  Alternatively  the  "Pauli-allowed"  approach  can  be  employed  where  the  Pauli 
exclusion  principle  is  applied  at  each  stage  and  multiple  electronic  transitions  are 
allov/ed,  but  all  possible  time  orderings  must  be  summed  over.  In  the  "Pauli-allowed" 
approach  the  frequency  mds-match  at  each  stage  is  used  for  the  denominators,  but  is 
further  complicated  by  the  fact  that  the  reversal  of  some  of  the  Fermi  operators  leads 
to  a  factor  of  -1  in  some  of  the  terms.  However,  in  spite  of  its  complexity  the  "Pauli- 
allowed"  approach  will  be  employed  as  numerically  there  are  divergences  in  some  of 
the  terms  in  the  one  electron  approach  when  the  optical  frequency  is  equal  to  an  inter¬ 
valence  band  transition  (although  analytically  these  divergences  cancel). 
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Fig.  1  The  calculated  dispersion  of  Rex^  for  the  semiconductors  InSb,  InAs  and 
GaAs,  where  the  photon  energy  has  been  scaled  to  the  bandgap.  The  solid  line  is  the 
result  of  the  present  calculation  and  the  dashed  line  is  the  result  of  the  two  parabolic 
band  nonlinear  Kramers-Kronig  calculation  [3]  (scaled  to  semiconductor  two- 
photon  absorption  data). 

On  calculating  the  real  part  of  x^^^  for  the  Kane  bandstructure  it  is  found  there  is  a 

divergence  at  zero  frequency  which  behaves  as  oo'^.  This  divergence  can  be  shown  to 
be  proportional  to  the  nonparabolicity  integrated  over  the  Brillioun  zone  [8]. 
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Periodicity  dictates  that  this  should  vanish  for  an  intrinsic  semiconductor  and  in  the 
present  case  is  purely  an  artifact  of  expanding  the  wavefunctions  around  the  T  point. 
This  divergence  is  therefore  unphysical  and  is  subtracted  from  the  calculated 
nonlinear  susceptibility. 

The  result  for  Rexl^  is  shown  in  fig.  1  for  the  semiconductors  InSb,  InAs  and  GaAs. 
For  comparison,  the  dashed  curves  show  the  result  of  the  nonlinear  Kramers-Krdnig 
calculation  for  two  parabolic  bands  when  scaled  to  semiconductor  two-photon 
absorption  data  (60%  increase  to  account  for  the  valence  band  degeneracy).  It  can  be 
seen  that  the  main  difference  in  comparing  these  two  models  is  the  larger  resonance  at 
the  two-photon  band  edge  for  the  Kane  bandstructure.  This  explains  the  apparently 
anomalously  large  value  of  measured  for  ZnTe  at  1064nm  [3]  (although  the  Z-scan 
measurements  in  [3]  are  consistently  a  factor  of  two  larger  than  both  theoretical 
calculations).  Another  point  to  note  is  the  second  peak  in  ^2  for  GaAs  due  to  the  split- 
off  band. 

In  fig.  2  the  dispersion  of  is  shown  in  the  vicinity  of  the  two-photon  edge  for 
Alo.l8Gao.82 As.  The  experimental  points  are  the  self-phase  modulation  measurements 
in  [9].  It  should  be  noted  that  for  the  present  calculation,  the  values  shown  are  directly 
from  the  calculation  (i.e.  no  subsequent  fitting  has  been  used).  It  can  be  seen  that  the 
increased  two-photon  resonance  in  «2  with  the  Kane  bandstructure  is  required  to 
account  for  the  experimental  data.  The  slight  difference  between  experiment  and 
theory  at  long  wavelengths  is  likely  to  be  due  to  band  tailing  which  is  not  accounted 
for  in  the  idealised  bandstructure  model. 


Fig.  2  The  dispersion  of  the  nonlinear  refractive  index  n2  around  the  two-photon  band 
edge  for  AlgjsGao.si^s.  The  solid  line  is  the  present  calculation,  the  dashed  line  the 
two-parabolic  band  nonlinear  Kramers-Krdnig  calculation  [3]  and  the  experimental 
points  are  waveguide  self -phase  modulation  measurements  /97- 
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Two-photon  absorption  (2PA)  in  semiconductors  is  of  interest  as  it  provides  a 
nonlinear  spectroscopic  technique  in  addition  to  having  important  consequences  for 
all-optical  switching.  Earlier  calculations  and  measurements  of  2PA  in  zinc-blende 
semiconductors  have  concentrated  on  the  linearly  polarised  single-beam  case  e.g. 
[1,2],  that  is  ignoring  any  polarisation  dependence.  This  polarisation  dependence  can 
take  two  forms.  First,  there  is  a  dependence  on  the  type  of  optical  polarisation 
employed  that  in  the  single  beam  case  gives  a  difference  between  linearly  and 
circularly  polarised  light  [3].  This  variation  can  occur  even  for  isotropic  media. 
Second,  there  is  a  variation  in  the  2PA  coefficient  depending  on  the  relative 
orientation  of  the  optical  polarisation  with  the  crystalline  axes  which  will  be  the  main 
topic  of  this  paper. 


For  the  cubic  symmetry  appropriate  for  zinc-blende  structures,  there  are  only  four 
independent  non-zero  third-order  optical  susceptibility  tensor  elements, 

^nd  xl^-  Furthermore  for  degenerate  (single  frequency)  nonlinear  absorption 
and  refraction,  permutation  symmetry  dictates  that  two  of  these  are  equal, 
=  giving  just  three  independent  non-zero  tensor 

elements.  The  2PA  coefficient  is  directly  related  to  the  imaginary  part  of  the  third- 
order  susceptibility  [3].  For  linearly  polarised  light  where  the  polarisation  direction  is 
orientated  at  (B.ij))  with  respect  to  the  crystalline  axes. 


P^(0,(|))  =  p^[001]  1  -  6sin^  2(j)) 


and  for  circularly  polarised  light  with  a  propagation  direction  (0,^,(|),^)  with  respect  to 
the  crystalline  axes, 

=  PlOOlfl  -  6  -  f  (sin'  20^  -h sin"  0, sin'  2(1) jl.  (2) 

8 

Here  the  2PA  coefficient  has  been  scaled  to  its  value  for  linearly  polarised  light 
orientated  parallel  to  a  principal  axis, 

P''[0011  =  |-4tI"’x“  .  (3) 

2 


The  two-photon  anisotropy  parameter  a  is  conventionally  defined  as, 
_Imx^iL-Imxl^-2Imxl^;.  ^  ^  [3"[001] -p"[011] 

ImxlL  PlOOl]  ’ 


(4) 


and  we  also  define  a  two-photon  absorption  incremental  dichroism  parameter  6  as 
.  InixlL  +  Imx^-2Imx^;;.;  [3^001]  -  0^(0,  =  O) 

2Imx^  PlOOl] 

These  three  parameters  which  can  be  used  to  obtain  the  general  2PA  coefficient, 
!3''[001],  a  and  6,  can  be  obtained  experimentally  with  just  thi'ee  measuremients  (two 
using  linear  polarisation  of  different  orientations  and  one  with  circular  polai'isation). 
Theoretically,  these  parameters  can  be  obtained  by  calculating  the  three  independent 
nonlinear  susceptibilities. 
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The  three  third-order  optical  susceptibility  tensor  elements  can  be  determined  from  a 
density-matrix  treatment  [3,4],  For  direct-gap  semiconductors,  the  long-wavelength 
end  of  the  2PA  spectrum  is  entirely  due  to  electronic  states  in  the  vicinity  of  the  zone 
centre.  The  band  structure  of  Kane  [5]  (consisting  of  a  conduction  band  and  heavy- 
hole,  light-hole  and  split-off  valence  bands)  is  sufficient  to  obtain  a  linear/circular 
dichroism  in  the  two- photon  absorption  coefficient  [3].  However,  as  the  resulting 
bandstructure  is  completely  isotropic,  it  is  insufficient  to  account  for  the  anisotropy  in 
the  2PA  coefficient.  Here,  we  account  for  the  anisotropy  in  the  bandstructure  by 

including  the  next  highest  conduction  band  set  (of  symmetry  Fis)  [6].  For  both 
bandstructure  models,  the  k.p  plus  spin-orbit  coupling  Hamiltonian  is  diagonalised 
numerically  and  so  automatically  includes  higher  order  terms  in  k  that  gives  rise  to 
such  effects  as  nonparabolicity. 

Figure  1  shows  the  calculated  spectral  dependence  of  the  three  independent 
tensor  elements  for  GaAs  based  on  low  temperature  bandstructure  data.  It  can  be  seen 
that  the  effect  of  the  upper  conduction  band  set  is  to  enhance  the  off-diagonal 
elements  and  to  slightly  suppress  the  diagonal  elements.  The  observed  change  in 
gradient  around  fico  =  0.95  eV  is  due  to  the  threshold  of  transitions  from  the  split-off 
valence  band. 
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Fig.  1  The  calculated  spectral  dependence  of  the  three  independent,  degenerate 
Imx^^^  tensor  elements  for  GaAs.  (a)  shows  the  anisotropic  result  obtained  by 
including  the  upper  conduction  band  set  FJ",  and  (b)  shows  the  equivalent  isotropic 
result  obtained  without  the  upper  conduction  bands. 

The  calculated  susceptibilities  are  used  to  determine  the  spectral  dependence  of  the 
anisotropy  parameter  a  and  the  incremental  dichroism  parameter  6  for  the 
semiconductors  GaAs  and  InSb  (based  on  low  temperature  bandstructure  data)  and 
are  shown  in  figure  2.  It  can  be  seen  that  a  is  always  negative  indicating  that  the  2PA 
coefficient  for  linearly  polarised  light  has  its  minimum  when  the  polarisation  vector  is 
parallel  to  the  crystal  axis.  There  is  a  vai'iation  of  about  a  factor  of  2  in  a  from  just 
above  the  two-photon  band  to  the  one-photon  edge  with  the  magnitude  of  a  becoming 
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large  at  the  two-photon  edge  due  to  "allowed-allowed"  transitions  via  the  upper 
conduction  bands.  For  the  dichroism  parameter  6  both  the  results  of  the  anisotropic 
and  isotr  opic  band  structures  are  shown.  The  main  feature  is  the  minimum  at  the  split- 
off  threshold.  The  offset  between  the  two  curves  for  GaAs  is  almost  entirely  due  to 
the  anisotropy;  if  instead  the  dichroism  is  calculated  for  propagation  in  the  [111] 
direction  (for  which  there  is  no  angular  variation  in  the  2PA  coefficient),  one  obtains 
almost  identical  results  from  the  two  bandstructure  models. 

The  2PA  anisotropy  values  calculated  here  for  GaAs  are  in  good  agreement  with 
experimental  results  (for  the  same  photon  energy  to  band  gap  ratio).  Van  der  Ziel  [6] 
determined  a  =  -0.45  ±0.06  at  S(D  =  0.8eV  by  measuring  the  band  edge 
photoluminescence  at  low  temperatures  (-0.48  predicted).  Direct  measurements 
include  that  of  Dvorak  et  al  [7],  a  =  -0.76  at  950nm  (-1.0  predicted)  and  that  of 
DeSalvo  et  al  [8],  o  =  — 0.74  +  0.18  at  1064nm  (-0.9  predicted).  A  value  of  ct  =  — 1 
gives  a  ratio  of  maximum  (polarisation  parallel  to  [111])  to  minimum  (polarisation 
parallel  to  [001])  2PA  coefficients  for  linearly  polarised  light  of  5/3. 


Fig.  2  Spectral  dependence  of  (a)  the  2PA  anisotropy  parameter  a  and  (b)  the 
incremental  dichroism  parameter  6  for  the  semiconductors  GaAs  and  InSb.  The 
arrows  denote  the  value  of  -2E(T\^  n)/^(r;s  which  proves  to  be  a 

useful  first  estimate  of  a  [8].  The  solid  lines  correspond  to  the  anisotropic 
bandstructure  model  with  the  upper  conduction  band  set  and  the  dashed  lines  to  the 
isotropic  bandstructure  model. 
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of  the  semiconductor  structures  above  the  absorption  edge. 
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Below  the  band  gap  optical  excitation  of  the  ultrashort  electrical  pulses  in  the  sem¬ 
iconductors  due  to  the  optical  rectification  have  been  studied  by  numerous  groups.  The 
situation  when  the  excitation  pulse  is  above  the  bandgap  have  not  been  studied  up  until 
recently,  since,  it  had  been  assumed  that  (a)  the  response  time  is  determined  by  the 
recombination  time  (i.e.  it  is  slow)  and  (b)  the  screening  effects  will  severely  attenuate 
the  effect  However,  in  recent  results  [1,2]  strong  THZ  radiation  had  been  observed. 

We  have  developed  the  simple  theory  that  explains  how  high  intensity  teraherz  radiation 
is  obtained  in  zinc -blende  materials  and  in  the  two-dimensional  structures  despite  the 
constraints  mentioned  above.  Our  theory  uses  the  combination  of  Kane  k*p  theory  and 
bond  charge  theory  of  the  nonlinear  susceptibilities. 

We  have  shown  that  the  optical  rectification  tensor  has  two  different  components.  The 
first  ultrafast  (virtual)  component  has  the  "refractive -index -like"  dispersion  and  relatively 
small  magnitude.  The  second  component  is  real  and  is  associated  with  the  absorption  of 
electron  from  the  bonding  orbital  of  the  valence  band  into  the  antibonding  orbital  of  the 
conduction  band.  The  temporal  response  of  this  component  and  its  strength  are  deter¬ 
mined  primarily  by  the  scattering  rates  in  the  valence  band.  i.e.  the  second  component 
occurs  on  the  0.1  ps  scale.  The  dispersion  of  this  component  follows  the  absorption 
coefficient.  When  the  photon  energy  surpasses  the  bandgap  energy  by  more  than  few 
meV  the  second  component  "overwhelms"  the  first  one.  The  results  of  our  calculation 
for  GaAs  are  shown  in  Fig.  1 
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We  have  also  performed  calculations  for  the  strained  materials  and  for  the  quantum 
wells  showing  that  in  such  structures  the  reversal  of  the  sign  of  the  observed  in  [2] 
can  take  place. 

We  have  also  considered  the  interaction  of  the  materials  with  the  inversion  symmetry 
such  as  silicon,  where  the  Teraherz  radiation  can  be  produced  by  the  simultaneous 
interaction  of  the  light  of  the  fundamental  frequency  co  and  the  second  harmonic  2co. 
This  third-order  "directional  photocurrent"  effect  does  not  depend  on  the  orientation  of 
the  material,  and,  although  its  magnitude  is  less  than  the  magnitude  of  the  effect  in  the 
zinc-blende  materials,  it  can  find  useful  applications  in  the  generation  of  the  submillim- 
iter  range  microwaves. 
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Fig.  1  The  frequency  dependence  of  DC  electrii 
IMW/cm  laser  pulse. 

dashed  line  -  the  ultrafast  component 

solid  line  -  the  slower  component. 
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It  was  demonstrated  [1]  that  excitonic  absorption  peaks  can  be  significantly  broadened  at 
room  temperature  while  their  energies  stay  the  same  by  increasing  excitation  intensity  in  multiple 
quantum  well  structure.  The  mechanism  for  this  phenomenon  was  attributed  to  bandgap 
renormalization  [1].  Similar  phenomenon  has  not  been  observed  in  excitonic  emission  peaks 
because  they  are  usually  broader  than  the  absorption  peaks.  Furthermore,  the  broadening  of  the 
excitonic  emission  peaks  is  hardly  observed  even  under  high  excitations  since  in  this  case  it  is 
usually  buried  in  dominated  electron-hole  plasma  emission  [2].  Here,  by  taking  the  advantage  of 
an  extremely  narrow  excitonic  emission  linewidth  in  a  sample  of  periodic  asymmetric  coupled 
three  narrow  quantum  wells,  we  report  our  first  observation  of  the  broadening  of  the 
photoluminescence  (PL)  excitonic  linewidth  under  the  low  excitation  intensities;  0.54  Wlcm^  - 
1.6  KW/cm'^  at  low  temperature. 

The  sample  was  grown  by  MBE  on  a  semi-insulating  GaAs  substrate.  The  expitaxial 
layers  consist  of  10  periods,  each  of  which  is  composed  of  three  narrow  asymmetric  coupled 
GaAs  quantum  wells  with  the  designed  thicknesses  of  45  A,  30  A,  and  50  A,  coupled  by40A- 
Alo3Gao7As  barriers,  see  Fig.  1.  During  the  sample  growth  there  is  an  interruption  for  60 
seconds  at  every  interface.  We  measured  photoluminescence  excitation  (PLE)  spectra  in  the 
temperature  range  of  4  K  -  300  K.  In  the  low  temperature  range  (4  K  -  77  K),  see  Fig.  2,  based 
on  our  calculations,  we  have  assigned  three  (primary)  sharp  peaks  to  the  excitonic  emission 
peaks  ejhhj,  e2hh2,  and  ejhh^  for  the  quantum  well  width  of  50  A,  45  A,  and  30  A, 
respectively,  see  Fig. 2.  The  shoulders  next  to  these  peaks  correspond  to  those  for  the  quantum 
well  widths  of  52.8  A,  47.8  A,  and  32.8  A,  respectively,  each  of  which  is  one  atomic  layer 
thicker  than  the  designed  well  width.  Due  to  the  growth  interruption,  many  tiny  growth  islands  at 
interfaces  join  together  to  form  large  islands  with  their  sizes  larger  than  the  exciton  radius 
corresponding  to  two  different  quantum  well  widths.  Because  our  well  width  is  much  narrower 
than  those  used  previously,  the  energy  separation  between  the  excitonic  emission  peaks  for  the 
well  widths  of  50  A  and  52.8  A  is  larger  than  the  inhomogenous  broadening  of  each  peak  after 
the  growth  is  interrupted  at  every  interface.  Therefore,  we  have  observed  two  emission  peaks 
corresponding  to  those  for  two  different  quantum  well  widths  similar  to  Ref  [3].  For 
comparison,  w'e  plotted  a  PL  spectrum  for  low  laser  intensity  in  the  excitation  spectrum  in  Fig.  2. 
We  can  see  that  the  main  peak  in  the  PL  spectrum  corresponds  to  e jhh j  for  the  well  width  of 
52.8  A  and  the  broad  shoulder  on  the  high  energy  side  corresponds  to  the  weO  width  of  50  A. 
We  did  not  observe  any  Stokes  shift  between  the  PL  peak  and  PLE  peak.  This  indicates  that  our 
sample  is  of  high  quality. 
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We  measured  the  PL  spectra  for  different  temperatures  and  at  different  excitation 
intensities,  see  Fig.  3.  At  0.54  W/cw^  the  half  width  at  the  half  maximum  determined  from  the 
low  energy  side  is  ~  4.5  A  (0.95  meV).  This  is  the  narrowest  linewidth  obtained  so  far.  When  we 
change  the  intensity  from  0.54  W/cm^  to  1.6  W/c/w^  at  4  K,  we  can  see  that  the  linewidth  of  the 
PL  peak  increases  dramatically.  Indeed,  it  increases  from  -0.9  meV  to  -4.3  meV.  However,  the 
energy  of  the  emission  peak  stays  more  or  less  the  same  for  all  the  intensities.  Based  on  the 
measurement  of  the  energy  of  the  PL  emission  peak  as  a  fimction  of  the  temperature  at  a  fixed 
laser  intensity,  we  conclude  that  the  excitons  start  to  participate  in  the  radiative  recombination  at 
-77  K.  As  the  temperature  decreases  below  77  K,  the  exciton  recombination  becomes  more  and 
more  important  and  eventually  dominates  the  recombination  process  below  -25  K.  From  the 
above  measurement  we  have  determined  the  binding  energy  of  the  e  jhh y  excitons  for  the  well 
width  of  52.8  A  to  be  -5  meV. 

Following  the  argument  in  Ref  [1],  for  high  density  of  free  carriers  the  energy  of  free 
electron-hole  pairs  is  renormalized,  whereas  the  energy  of  the  excitonic  emissions  hardly  changes 
because  of  the  charge  neutrality  of  excitons.  The  binding  energy  of  the  excitons  measured  from 
the  renormalized  continuum  decreases  as  the  laser  intensity  increases.  As  a  result,  the  linewidth 
of  the  PL  peak  is  broadened.  As  mentioned  above,  the  PL  linewidth  of  the  first  emission  peak  is 
the  narrowest  at  low  excitation  intensity  compared  with  those  determined  so  far.  Thus,  the  same 
amount  of  the  bandgap  renormalization  leads  to  a  relatively  larger  change  in  the  linewidth.  This 
explains  why  we  have  observed  the  large  broadening  of  the  PL  linewidth  after  the  sample 
growth  was  interrupted.  When  we  change  the  temperature  of  the  lattice  from  4  K  to  30  K,  the 
linewidth  stays  unchanged  while  the  peak  wavelength  shifts  significantly.  By  contrast,  in  Fig.  3 
the  peak  wavelength  stays  unchanged  when  the  laser  intensity  increases.  Therefore  we  can  rule 
out  the  thermally-induced  broadening  due  to  the  laser  heating  of  the  lattice  at  low  temperatures. 
Finally,  we  would  hke  to  note  that  because  the  emission  peak  for  the  well  width  of  52.8  A  is 
much  weaker  than  that  for  the  well  width  of  50  A  in  PLE  spectra  (Fig.  2),  we  cannot  possibly 
observe  the  broadening  of  this  peak  in  PLE  or  absorption  spectra. 
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Figure  1 .  One  unit  of  periodic  asymmetric  coupled  three  narrow  quantum  well  structure.  (I) 
GaAs,  45  A,  (n)  Alo.3Gao.7As,  40  A,  (HI)  GaAs,  30  A,  (IV)  GaAs,  50  A. 
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Wavelength,  nm 

Figure  2.  Solid  line:  excitation  spectra  at  ~1  at  4.1  K.  I  -  transitions  for  the  designed 

well  widths;  II  -  transitions  for  the  well  widths  of  1  monolayer  thicker  than  the 
designed  ones.  Dashed  line:  PL  spectrum. 


Wavelength,  nm 

Figures.  Normalized  PL  intensity  spectra  versus  laser  intensity  at  4.1  K.  Each  curve  is 
normalized  by  the  integrated  PL  in  the  entire  spectrum  range. 
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Summary : 


In  quantum  mechanics,  if  two  or  more  perturbations  induce  a  transition  between  the 
same  initial  and  final  states  of  a  system,  the  overall  transition  probability  is  determined  by 
the  modulus  squared  of  the  sum  of  the  transition  amplitudes  for  each  perturbation.  It  is 
therefore  possible  for  interference  effects  to  determine  the  outcome  as  it  does  in.  e.g.,  the 
classical  Young’s  double  slit  experiment.  If  two  coherent  beams  with  frequencies  coand  2co 
are  applied  to  a  system,  the  interference  between  the  quantum  mechanical  pathways 
associated  with  single  and  two  photon  absorption  events  can  lead  to  final  states  on  the 
system  whose  properties  are  dependent  on  the  relative  phase  of  the  beams. 

Manykin  and  Afanas’ev^  and  Gurevich  and  Khronopulo^  first  showed  theoretically 
how  multiple  beam,  multiphoton  absorption  can  influence  the  occupancy  of  excited  states. 
More  recently,  Brumer  and  Shapiro^  showed  theoretically  that  it  is  possible  to  control  a 
photochemical  reaction  via  the  relative  phase  of  two  beams.  In  a  direct  extension  of  this 
work  Kuriziki  et  al.4  determined  that  the  photo-ionization  of  a  doublet  donor  level  in  a 
semiconductor  prepared  in  a  coherent  superposition  of  states  can  generate  electrons  in  a 
preferred  momentum  state.  Electrons  flow  in  a  direction  which  is  dictated  by  the  relative 
phase  of  the  beams  creating  the  superposition  and  without  any  external  electrical  bias. 
The  necessary  donor-semiconductor  system  is  not  easy  to  produce  and  mid-infrared 
coherent  sources  of  a  particular  wavelength  would  be  required  to  observe  the  effect.  Here, 
we  argue  that  multiple  quantum  wells  or  superlattices  make  it  possible  to  design  systems  so 
that  one  could  observe  either  charged  or  neutral  currents  using  more  readily  available 
beams.  We  illustrate  one  such  design  which  should  allow  neutral  electron-hole  currents  to 
be  generated  using  beams  in  the  important  1.3-1. 5  pm  window  which  is  of  prime  interest  in 
optical  communications. 

The  basic  ideas  behind  coherence  control  of  photocrruent  directionality  is  as 
follows.  For  a  direct  gap  semiconductor  the  transition  amplitude  between  valence  and 
conduction  band  states  is  of  the  form 
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where  aj,  a.2,  are  complex  constants,  c,  v  label  conduction  and  valence  band  states.  A®  is 

the  vector  potential  amplitude  for  the  co  beam,  A^®  is  that  of  the  2co  beam  and  p  is  the 
momentum  operator;  only  one  intermediate  (c’)  state  is  considered  for  the  two-photon 
transition.  For  collinearly  polarized  beams  of  field  strength  E®  and  E^® 
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(2) 


Cif  =  bjE"“p,,cos0  e +  b2p,,,p,,,(E“/cos"0e'"'^‘ 

where  (j)co  and  <j)2co  are  the  phases  of  the  two  beams  and  0  is  the  angle  between  the  electric 
fields  and  the  momentum  direction.  The  transition  probability  is  then  given  by 


IQI^=  A +Bcos(aj2+<l^„ -2(j)„)  (3) 

where  ai2  is  related  to  the  relative  phase  of  the  complex  constants  bi,b2.  Note  that  A 
contains  the  sum  of  terms  involving  cos^e  and  cos'^S  respectively.  These  lead  to 
anisotropic  but  non-polar  state  filling  and  are  related  to  the  independent  generation  rates  of 
electron-hole  pairs  via  single  and  two-photon  absorption.  On  the  other  hand  the  B 

“interference”  term  contains  cos^S.  If  one  just  considers  the  generated  electrons, 
integration  over  all  occupied  states  (i.e.  over  6)  gives  that  A  leads  to  no  current  whereas  the 
polar  B  term  does.  It  follows  that  an  electron  current  develops.  Similar  considerations 
apply  to  the  holes  which  will  move  in  the  same  direction.  By  varying  the  relative  phase 
between  the  two  beams,  one  can  influence  the  directionality  of  the  particle  flow.  By 
altering  the  polarization  direction  of  the  beams,  one  can  also  change  the  current  vector  .  A 
more  sophisticated  analysis,  taking  into  account  details  of  the  bandstructure,  and  the 
wavefunctions  of  the  electron  and  hole  states  yield  the  same  qualitative  results.  As 
Baranova  et  al.3  have  pointed  out  in  the  general  context  of  multiple  beam,  photo-ionization 
of  media,  the  bias  from  using  phase-related  beams  comes  not  from  having  the  time 
averaged  dc  field  differ  from  zero  (as  it  does  in  a  typical  electrical  circuit)  but  by  having 
<e3>  0  where  E  is  the  total  optical  field  driving  the  excitation  and  o  denotes  the  time 

average.  Hence,  although  the  effect  can  be  understood  in  terms  of  the  quantum  mechanical 
interference  picture  presented  above,  it  also  has  an  explanation  based  on  classical  but 
nonlinear  electromagnetic  theory. 

To  observe  the  directionality  effect  in  a  semiconductor,  one  needs  an  intense 
fundamental  beam  to  generate  the  phase-related  second  harmonic  beam  and  to  generate 
carriers  via  two-photon  absorption.  Also,  if  one  wishes  to  work  with  common 
semiconductor  materials  such  as  GaAs,  Ge  or  Si  or  their  cousins  which  have  band  gaps  in 
the  range  0.7- 1.8  eV,  one  needs  a  fundamental  source  with  photon  energy  of  0.35-0.9  eV  (3 
-  1.4  pim).  Two  years  ago  we  demonstrated  the  first  high  average  power  femtosecond 
optical  parametric  oscillator.^  The  system  which  is  pumped  by  a  100  fs,  IW  average 
power,  80  MHz  Ti:sapphire  laser,  produces  pulses  as  short  as  60  fs,  tunable  between  1.2 
and  3  /^m.  with  appropriate  mirror  sets.  The  output  beams  have  average  power  up  to  300 
mW,  sufficient  to  generate  10%  conversion  to  the  second  harmonic  in  a  BBO  crystal.  The 
fundamental  output  pulses  arc  also  sufficiently  intense  to  generate  significant  two-photon 
absorption  in  direct  gap  semiconductors. 

One  might  hope  to  observe  the  effect  in  a  bulk  material  but  the  problem  of  detection  of 
the  current  fiow  is  non-trivial.  One  possible  method  might  take  advantage  of  the  different 
masses  of  electrons  and  holes  which,  with  the  same  initial  momentum,  will  tend  to  spatially 
separate,  following  excitation,  generating  an  electric  (Dember)  field.  The  particle  currents 
however  will  persist  for  only  the  dephasing  time  or  momentum  relaxation  time  of  the 
carriers  which  is  typically  100  fs.  Therefore  one  would  have  to  detect  this  field  using 
ultrafast  optical  techniques  such  as  electro-optic  sampling.  We  are  presently  performing 
experiments  on  asymmetric  quantum  wells  grown  on  a  GaAs  substrate.  Here,  samples  with 
50  and  80  A  wide  GaAs  wells  are  separated  by  Alo.azGao.vgAs  barriers  with  widths  between 
150  and  300  A;  Alo.aGao.eAs  barriers  are  used  to  separate  10  of  these  units.  When  electron 
and  holes  are  generated  via  single  and  tw'o-photon  absorption  processes  (mainly  in  the 
A1o.24G^o.76As)  they  will  move  into  the  50  or  80  A  GaAs  wells  depending  on  the  beam 
phases.  Because  of  the  different  carrier  energy  levels  in  the  GaAs  vrells  one  can  detect 
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which  direction  the  electrons  and  holes  went  based  on  the  wavelength  of  the  emitted  (even 
time-integrated!)  luminescence.  For  our  samples  the  experimentally  observed 
luminescence  from  single  beam  excitation  shows  two  equal-height  peaks  with  wavelengths 
of  772  and  797  nm  at  295K.  It  is  expected  that  under  two  beam  excitation  the  relative 
heights  of  the  peaks  will  shift  with  the  relative  phase  of  the  two  beams.  This  relative  phase 
which  is  determined  naturally  by  the  second  harmonic  generation  process  in  the  BBO 
crystal  can  be  controlled  downstream  by  thin  optical  wedges. 

Other  samples,  geometries,  and  phase  related  beams  are  being  considered  for  other 
applications.  This  also  applies  to  using  doped  materials  and  performing  experiments  when, 
e.g.  only  one  type  of  carrier  is  activated  so  that  an  electrical  current  will  flow. 
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All  optical  schemes  of  information  processing  have  been  of  major  interest  to  many 
researchers.  It  is  well  known  that  in  order  to  supply  the  necessary  switching  energy,  the 
all-optical  processing  schemes  always  require  very  high  optical  intensities  that  are 
difficult  to  achieve  and/or  deliver  to  the  switching  element.  In  contrast,  in  the  electronic 
devices  the  switching  energy,  provided  by  the  bias  source,  is  readily  available  in  virtually 
unlimited  (save  for  the  thermal  limitations)  amounts.  This  fundamental  advantage  of  the 
electrical  vs  optical  bias  has  directed  the  recent  practical  trend  away  from  the  all-optical 
and  toward  the  hybrid  devices,  the  so-called  "smart  pixels",  such  as  S-SEED  [1],  FET 
SEED  [2]  phototransistor/modulator  combinations  and  others.  The  concept  of  smart 
pixel  combines  advantages  of  optics  (high  degree  of  parallelism,  interconnection  ability) 
with  the  forementioned  advantages  of  electronics. 

Basically,  the  smart  pixel  consists  of  the  detector  -  amplifier  (FET,  phototransistor 
e.t.c)  and  modulator.  Often  as  in  SEED’S  the  same  element  serves  dual  purpose  as  both 
modulator  and  detector.  Then,  one  can  think  of  the  smart  pixel  as  an  entity  in  which  the 
natural  optical  nonlinearity  is  enhanced  by  the  gain  provided  by  the  built-in  electronic 
circuit.  However,  the  potential  of  the  smart  pixel  is  limited,  since  as  the  complexity  of 
the  task  performed  by  the  system  grows,  the  number  of  pixels  necessary  increases 
beyond  the  realistic  limit  and  the  connection  to  the  power  source  becomes  problematic. 
At  the  present  stage  of  miniaturization  the  smart  pixel  can  not  such  as  real-time  hologra¬ 
phy,  where  the  advantages  of  optics  can  be  utilized  in  the  most  rewarding  way. 

Thus,  it  is  very  important  to  find  the  way  to  deliver  the  switching  power  to  the 
"pixel"  without  hard-wired  connections.  Far  IR  radiation  (or  microwaves  [3])  provide 
such  an  opportunity.  We  propose  to  use  the  natural  thermal  nonlinearity  of  the  confined 
semiconductor  materials,  the  energy  for  the  temperature  rise  is  to  be 
provided  by  the  strong  incoherent  FIR  radiation,  but 
controlled  by  the  weak  coherent  near  IR  or  visible  light. 

The  proposed  structure  [Fig.l]  consists  of  the  undoped  multiple  quantum  wells 
(inset)  and  is  split  into  the  separate  elements  -  "pixels",  by,  say  etching  the  mesa  struc¬ 
tures.  The  element  is  illuminated  with  weak  coherent  signal  light  I^ig  below  the  bandgap. 

The  population  of  the  photogenerated  carriers  is 

Ne~^sig  ^sig'^r^sig^^ 
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(1) 


where  a^tg  is  the  absorption  coefficient  at  the  wavelength  X^ig,  and  x^.  is  the  recombina¬ 
tion  time. 

The  power  transferred  to  the  lattice  directly  from  the  signal  radiation  is  then 

N,hc 

Psig~^sighig~~^  ~  (2) 

The  photoexcited  electrons  reside  in  the  ground  subband  (  Ej)  of  the  conduction  band, 
and,  by  themselves  change  the  absorption  and  refractive  index  insignificantly.  One  can 


Now  let  us  introduce  the  developing  agent  -  the  FIR  radiation  -  the  "bias"  4, ay  at  the 
wavelength  Xh=hc/(E2-Ei).  The  "bias"  does  not  to  be  coherent  -  the  only  requirement  is 
that  it  should  be  properly  polarized  to  be  absorbed  between  the  subbands.  Then  one  can 
write  the  balance  equation  for  the  population  of  the  subbands  1  and  2 

dN2  ,  N2 

~  ^b^b^bias^^ 2~^ (3) 

at  X,- 

where  x,  is  the  intersubband  relaxation  time,  the  absorption  cross  section  found  as 


2  2 

In  ^  zn 

Xbti  eor 


(4) 


ez\2=0.lSed  is  the  dipole  matrix  element,  T  is  the  intersubband  linewidth,  and 
N2+Ni=N,. 

The  steady-state  solution  of  (3)  is 


N2= 


^biasXIsat 

^'^^biasX^sat 


(5) 


where  the  saturation  intensity  is 


Vihc 

XbObTi 


(6) 


that  for  the  lOO'^W  with  the  intersubband  absorption  around  lOp/n,  and  the  relaxation 
time  Xi~200fs  is  of  the  order  of  lOMW/cm^  The  power  transferred  to  the  lattice  from  the 
bias  radiation  can  be  found  as 
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N2hc _ ^sig'^r  ^bias^sat 

^b'^i  '^b’^i  ^'^^bias^sa 


For  the  FIR  power  density  below  the  saturation  it  can  be  shown  that  the  power  absorbed 
directly  from  the  signal,  and  thus  the  thermal  nonlinearity  is  enhanced  by  the  factor 

^b  1  /  ^sig'^^r  ,  „  ^  ^sig  ^bias 


^  T  _  ^bias^sat  ^bias^b'^r' 
KbXi 


where 


This  new  "cross-saturation"  intensity  combines  large  absorption  cross-section  of  the 
intersubband  transition  with  the  long  lifetime  associated  with  band-to-band  recombina¬ 
tion.  Assuming  Xr~lns  and  A,j,g~l)im,  I W /cm'^  -  easy  to  achieve. 

Thus  the  strong  local  heating  will  result  where  the  signal  light  had  been  absorbed 
resulting  in  the  local  change  of  the  refraction  index.  The  effective  nonlinear  index  of 
refraction  can  be  introduced  and  evaluated  as 


/  j  /jrr\  ^bias 

n2=(dn/dT)a,ig^ — — 

K  Iq 

where  (dn/dT)  is  the  thermooptic  coefficient  equal  to  for  GoAs,  k  is  the 

thermal  conductivity  and  d  is  the  pixel  size.  For  the  10|im  pixel  size  the  nonlinear  index 
of  refraction  can  be  as  large  as  10~^ cmw  in  the  presence  of  7^;as=li<:W/cm^  infrared  field. 
Since  we  rely  upon  thermal  nonlinearity  the  speed  of  the  proposed  scheme  is  determined 
by  the  heat  diffusion  time 

XQ=d^Cp/K 

where  Cp  is  the  heat  capacity  ,  For  lOp/n  pixel,  t/j-lfis. 

This  switching  time  is  much  shorter  that  the  switching  time  of  the  photorefractive 
process  and  thus  this  scheme  can  be  used  in  such  applications  as  the  four-wave  mixing 
and  the  real-time  optical  holography.  In  conclusion,  we  have  shown  that  intersubband 
absorption  by  the  photoexcited  carriers  solves  the  problem  of  the  delivery  of  the  bias 
power  to  the  optical  switching  elements  without  wires  and  lithography. 
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Nonlinear  guided  waves  have  received  much  attention  due  to  its  potential  application  to  all- 
optical  signal  processing[],2].  In  this  paper  we  analyze  the  optical  bistability  of  the  nonlinear  waves 
and  obtain  the  critical  power  with  varying  the  thickness  of  the  nonlinear  layers  in  a  multilayer 
nonlinear  waveguide  system  which  is  composed  of  five  layers  including  two  nonlinear  layers 
covered  by  semi-infinite  clad  and  substrate,  as  shown  in  Fig.  1 .  The  nonlinear  dispersion  relations 
are  formulated  for  self-focusing  and  self-defocusing  nonlinear  structures  using  the  nonlinear  transfer 
matrix[3]. 


Fig.  1.  The  schematic  drawing  of  multilayer 
nonlinear  waveguide. 


The  nonlinear  layers  have  a  Kerr-like  refractive  index  of  n^  =  n^  +  a\E'(^  where  E  is  the 
amplitude  of  the  electric  field,  n  ,  the  linear  refractive  index,  and  a,  the  nonlinear  coefficient  of  the 
Kerr-like  medium.  The  electric  field  in  a  finite  nonlinear  layer  can  be  expressed  in  terms  of  the 
Jacobian  elliptic  functions:  cn  function  for  self-focusing  nonlinear  layer  and  sn  function  for  self- 
defocusing[2].  After  manipulating  the  trial  functions  adequately,  we  formulate  the  nonlinear  transfer 
matrix  describing  the  relation  of  the  tangential  components  of  the  electric  and  magnetic  fields  at  the 
interfaces  of  self-focusing  and  self-defocusing  nonlinear  layers,  as  shown  in  Table  I.  Applying  the 
boundary  conditions  at  the  interfaces,  the  nonlinear  dispersion  relation  expressed  by  the  elements  of 
nonlinear  transfer  matrix  is  given  as  follows: 


tan 


U{p,E,)  +  F(A£o) 

1  -  C/(A£o)  V{P,E,) 


-[U{P,E,)  +  F(;g,£j] 
1  +  UiP,E,)  V{P,E,) 
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for  n.^>  P 


for  n2<P 


(1) 


where 


U{P,E,)  = 


^21  (A  £'o  )  +  7  %  '22  (A  ^0  ) 

^1 1  (A  ^0  )  +  7  %  'Jp^  -  ^12  (A  ^0  ) 


V{P,E,)  = 


J _ /;, (A E^)  +  jrio4l^-  n] ip, Eq ) 

ZI7I  r„(A^o)+J%#-«^2(A^o) 


;7oVr^2 


with  wave  number  A:„,  the  admittance  of  free  space  the  mode  index  y0,  the  interface  electric  field 
E^.  The  elements  of  nonlinear  transfer  matrix  [f;/]  and  [^l.-y.ia,  are  presented  in  Table  I  with 
T  =  {n^  - p)  +2a;C,  >0  for  self-defocusing  system  where  is  a  constant  of  integration  and  the 

+  (— )  sign  of  off-diagonal  elements  corresponds  to  the  positive  (negative)  coordinate. 

Table  I.  Nonlinear  transfer  matrix  elements  and  their  parameters^^ _  _ 


self-defocusin 


self-focusin 


m 

[a,C,-T'"{n‘-/f)-T)la,C, 

(U'-/?’)-r“)/2 

Kix) 

1  -  m{\  -  E] I A^)sn^[kgqx\n^ 

1  -  m[El  1 A^  )sn^{kgqx\m) 

D{x) 

1  -  ^7(1  +  El!  A^  )sn^{kgqx\m) 

1  +  m{El  /  A^)sn^{kgqx\m) 

M(x) 

1  -  /?7(l  -  E] )[^1  +  cr?[kgqx\ni)^ 

{\  -  m Eg  I A^)  dip{kgqx\m) 

+  m  {\-  El  / A^ )  cn^  {kgqx\m) 

U 1  (A  ^0 ) 

cn{^kgqx\mj  j  K{x) 

cn{kgqx\m)dn{kgqx\m)l  K(x) 

^12  (A  ^o) 

±jsn[kgqx\m)dn[kgqx\m)l{ri„qK{x)) 

±pn(kgqx\m)/{q„qK(x)) 

^2.  (A  A) 

±  jq^qM{x)sn{k^^qx\n^dn{k^^qx\n^  j  K^{x) 

±jqgqM{x)sn(kgqx\m)/K^ix) 

^22  (A  A ) 

D{x)cn{kgqx\m)j  K~  (x) 

D{x)cn{kgqx\m)dn{kgqx\m)  1 (x) 

The  dispersion  relation  of  the  multilayer  nonlinear  waveguide  shows  similar  form  with  that  of  a 
linear  planar  waveguide  for  both  self-focusing  and  self-defocusing  nonlinear  systems[4].  The  power- 
dependent  mode  index  p  and  the  electric  field  Eg  at  the  interfaces  between  nonlinear  layers  and 
cover  media  are  the  vital  parameters  of  the  nonlinear  dispersion  relation.  After  fixing  the  mode  index 
p,  we  find  the  interface  electric  field  using  the  shooting  and  matching  technique.  The  pairs  of  p  and 
Eg  are  utilized  to  plot  the  nonlinear  dispersion  curve  which  depicts  the  dependence  of  the  mode 
indices  on  the  total  guided  power. 

Since  v/e  found  that  under  the  our  circumstances  the  self-defocusing  system  shows  no 
bistabilities,  the  self-focusing  system  is  only  considered  and  also  concentrated  on  the  TEj,  mode,  for 
simplicity,  in  this  v,'ork.  The  parameters  of  the  nonlinear  waveguide  structure  used  for  numerical 


simulation  are  =  «3  =1.55,  n^  =  n^  =  \.50,  n^-\.51Q,  and  d-\.2  fjm.  The  wavelength  considered 
throughout  this  calculation  is  A,  =  0.515/nTi.  Figure  2  shows  the  optical  bistable  curves  of  the 
nonlinear  dispersion  relation  as  a  function  of  the  thickness  of  the  nonlinear  layers  for  asymmetrical 
and  symmetrical  structures;  the  nonlinear  coefficient  of  a^  =  6.38  x  10  and  =0  for 

asymmetrical  structure  and  the  coefficients  of  a,  =  cTj  =  6.38  x  10"'^  and  for 

symmetrical  structure.  The  solid  curve  gives  the  characteristics  of  the  mode  indices  for  d^^^,  =  1.0/m, 
the  dashed  curve,  dj^^,  =0.7/a-n,  and  the  dotted  curve,  d^^  =0.5/fln,  respectively.  As  the  power 
increases  from  zero,  the  field  remains  in  the  guided  wave  confined  in  the  waveguide  core  until  the 
critical  power  is  reached,  and  is  coupled  into  the  surface  wave  afterwards.  As  the  power  decreases, 
the  field  remains  in  the  surface  wave  until  the  second  critical  power  is  reached,  and  then  there 
is  a  discontinuous  jump  back  of  the  mode  index  to  the  low-power  value  of  the  field.  The  critical 
powers  are  around  40  mW/mm  for  symmetrical  structure  and  have  nearly  double  value  with  respect 


power  (mW/mm)  power  (mW/mm) 


(a) 


(b) 


Fig.  2.  The  bistable  curves  of  nonlinear  dispersion  relation  for  (a)  asymmetrical  structure  and  (b) 
symmetrical  structure. 


to  asymmetrical  case,  i.e.,  80  mW/mm  for  symmetrical  structure.  The  critical  powers  also  increase 
with  decreasing  the  thickness  of  the  nonlinear  layer  for  both  structures  as  shown  in  Fig.  2. 

In  conclusion,  we  obtained  the  nonlinear  dispersion  relation  in  multilayer  nonlinear  waveguides 
by  utilizing  the  method  of  nonlinear  transfer  matrix  which  has  the  elements  of  Jacobian  elliptic 
functions.  The  self-focusing  system  in  multilayer  nonlinear  waveguide  shows  the  optical  bistability 
of  power-dependent  mode  indices  and  the  critical  powers  for  the  optical  bistability  increase  with 
decreasing  the  thickness  of  the  nonlinear  layers. 
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.Summary 

THz  radiation  from  various  material  excited  by  ultrashort  pulse 
lasers  have  been  intensively  studied  in  the  respect  of  its  mechanism  and 
potential  application  to  ultrafast  opt-electronics.l  Especially  quantum  well 
sample  applied  with  electrical  field  was  found  out  to  be  quite  efficient.^  In 
this  presentation,  we  will  describe  the  observation  of  THz  radiation  not  due 
to  the  rectification  from  semi-insulating  bulk  GaAs  excited  by  ultrashort- 
laser  pulses  and  its  intensity  dependence  on  the  1.5-th  power  of  the 
excitation  intensity. 

The  experimental  set-up  consists  of  picosecond  and  femtosecond 
mode-locked  Ti:sapphire  lasers  as  the  excitation  source,  a  15-cm  focal 
length  mirror  for  focusing  the  radiation,  a  silicon  borometer  with  various 
low  pass  filters  (  10  cm'k  35  cm"b  100  cm”^),  and  a  lock-in  amplifier. 
Several  GaAs  samples  with  (100)  surface  with  were  tested;  non  doped  ( 
semi-insulating)  GaAs  with  over  10^  Q  cm  resistivity,  n-type  and  p-type 
GaAs  with  10'^  Q  cm  resistivity,  and  140- A  GaAs  single  quantum  well 
(SQW)  sample.  Only  non-doped  GaAs  and  SQW  sample  emitted  THz 
radiation,  however,  THz  radiation  can  not  be  detected  from  n-type  and  p- 
type  GaAs  samples.  This  results  show  that  this  radiation  strongly  affected 
with  the  conduction  type.  Comparing  non-doped  GaAs  and  SQW  sample, 
bulk  sample  radiated  one-order  higher  power  at  the  same  excitation 
intensity.  This  difference  may  be  attributed  to  the  small  absorption  in  the 
SQW  layer. 

For  these  two  samples,  1-psec  pulses,  100-fsec  pulses,  and  cw-laser 
light  at  787  nm  with  -100  mW  average  power  were  irradiated  in  the  3-mm 
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diameter  spot.  In  the  case  of  cw  laser  excitation,  no  radiation  can  be 
detected.  The  fact  indicated  that  this  radiation  is  not  due  to  simple 
heating.  Compared  with  picosecond  and  femtosecond  case,  shorter  pulse 
excitation  generated  the  radiation  more  efficiently.  Using  various  set  of 
low  pass  filters,  it  was  found  that  the  power  of  radiation  mostly  contained 
in  the  region  between  10  cm"l  to  35  cm‘l  (  0.3  -1.2  THz)  even  with  the 
use  of  different  pulse  duration  excitation  source.  If  the  radiation  are  due  to 
rectification,  the  spectrum  should  be  affected  by  the  excitation  pulse 
duration,  and  the  peak  of  radiation  should  locate  at  1  THz  for  1-psec  pulses 
and  10  THz  for  100-fsec  pulse.  Therefore,  this  experimental  result  suggests 
that  the  radiation  is  not  due  to  the  rectification,  and  it  should  be  regarded  as 
a  kind  of  fluorescence. 

To  clarify  the  mechanism  of  this  radiation,  the  fluorescence  intensity 
dependence  on  excitation  power  of  1-psec  pulses  at  787  nm  were  measured 
for  bulk  and  SQW  GaAs.  In  both  case,  the  THz-radiation  intensity 
depends  clearly  on  the  1.5-th  power  of  the  excitation  (Fig.  1).  The 
fluorescence  intensity  dependence  on  the  excitation  wavelength  at  the  same 
power  and  the  same  pulsewidth  (1.5  psec)  were  also  obtained  and  plotted 
according  to  the  excitation  wavelength,^  and  it  also  shows  1.5  slope  (Fig. 
2).  This  coincidence  can  be  well  explained  in  the  following  way.  The 
excitation  density  in  a  unit  volume  will  be  proportional  to  the  absorption 
coefficient,  and  the  THz-radiation  intensity  depends  on  this  excitation 
density.  Thus  it  is  reasonable  that  the  dependence  on  the  absorption 
coefficient  also  indicates  1 .5  slope.  These  two  results  and  the  sensitiveness 
to  the  doping  strongly  suggest  the  photo-carriers  play  an  important  role  in 
this  fluorescence.  But  still  some  more  experiments  will  be  needed  to  explain 
the  mechanism  of  this  radiation. 

In  conclusion,  we  have  observed  THz  radiation  from  GaAs  excited 
by  ultrashort  pulse  laser.  This  radiation  is  not  due  to  the  optical 
rectification  as  observed  in  other  cases.  It  was  found  that  this  radiation  is 
sensitive  to  the  conduction  type  and  it  depends  on  the  1.5-th  power  of  the 
excitation  intensity.  But  still  the  mechanism  is  not  clear  at  present. 
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Fig.  1  The  dependence  on  the  excitation  power. 
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Fig.  2  The  dependence  on  the  excitation  wavelength. 
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The  search  for  new  materials  with  a  large  nonlinear  optical  susceptibility  and 
the  simple  synthesis  of  selenium  clusters  of  various  crystal  structure  has  caused  the 
investigation  of  nonlinear  optical  properties  of  nanometer-size  selenium  clusters. 
Samples  of  PVA  films  with  a-Se  clusters  on  quartz  glass  were  investigated  by 
picosecond  pump-probe  laser  spectroscopy  equipment  with  two  photodiode  matrices 
as  detectors.  Laser  pulses  with  wavelength  of  540  nm,  duration  of  15  ps  and  repetition 
frequency  of  1  Hz  served  as  pump  beam  .White  continuum  was  used  as  probe  beam. 

Figure  1  shows  differential  absorption  spectra  AD  of  a-Se  clusters  in  PVA  film 
obtained  at  the  various  delay  time  between  pump  and  probe  pulses  and  the  energy  of 
pump  pulse  of  80  mJ/cm^  .  Excitation  of  a-Se  particles  results  in  appearance  of 
induced  absorption  around  E=2.1  eV  (Fig.1  shows  decay  of  absorption).  Development 
of  induced  absorption  finished  practically  after  pump  pulse  action  within  the  resolution 
time  of  our  picosecond  device  (15  ps).  The  decay  time  of  induced  absorption  is 
significantly  greater  than  pump  pulse  duration.  Position  of  maximum  in  spectra  of 
induced  absorption  at  the  energy  scale  depends  on  delay  time  between  pump  and 
probe  pulses. 

In  Fig.  2  the  kinetics  of  induced  absorption  AD  vs  time  delay  in  a-Se  clusters 
are  shown  for  six  different  energies  of  photons  of  probe  pulses.  From  this  figure  can 
be  made  conclusions  that  the  decay  time  of  induced  absorption  depends  on  energy  of 
photons  and  the  relaxation  of  induced  absorption  at  various  energies  of  photons  has 
the  exponential  character. 

Spectral  behaviour  of  decay  time  t  is  presented  in  Fig.  3.  Values  of  t  are 
independent  of  photon  energy  in  the  range  of  2.1  -  2.2  eV  and  equal  to  ~  550  ps. 
Below  2.1  eV  values  of  t  decrease  down  to  260  ps  at  1 .75  eV. 


Fig.  1.  Differential  absorption  spectra  AD=-lg(T/TQ) 
of  a-Se  particles  in  PVA  film  at  the  various  delay 
time  t  between  pump  and  probe  pulses  of  15  ps 
duration.  The  energy  of  photons  of  pump  pulse  is  2.3 
eV  and  pulse  energy  is  80  mj/cm^  .  Tq  and  T  are  the 
transmittance  of  sample  before  and  after  pumping,  tj 
(ps)  =  78  (1),  196  (2),  286  (3),  376  (4).  Solid  lines  are 
the  best  theoretical  fit  of  experimental  curves. 
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We  assume  the  effect  of  induced  absorption  in  nanometer-size  a-Se  clusters 
can  be  explained  due  to  realization  of  the  two-  photon  transition  with  formation  of 
biexcitons,  i.e.  two  bounded  electron-hole  pairs.  Pump  pulse  creates  the  excitons  with 
life  time  of  around  few  hundreds  of  picoseconds  and  obsert'ation  of  probe  pulse 
absorption  through  that  period  is  conditioned  by  exciton-biexciton  optical  transition. 

The  solid  lines  in  Fig.  1  drawn  through  the  experimental  points  show  the  best  fit 
of  data  using  Boltzman  energy  distribution  of  excited  states. 
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Fig.2.  The  kinetics 
of  induced  absorption  AD  vs 
tj  in  a-Se  particles  at  the 
different  energy  of  photons 
of  probe  pulses  Ep^  (eV)  = 

1.75  (1),  2.0  (2),  2.05  (3),  3 

2.1  (4),  2.125  (5),  2.2  (6). 

All  curves  are  shifted  2 

arbitrarily  along  ordinate. 
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The  exponential  form  of  low  energetic  side  in  induced  absorption  spectra  (Fig.2) 
reflects  the  Boltzman  distribution  tails  of  thermalized  excitons. 

Quasithermal  distribution  of  excitons  with  some  temperature  T^  appears  at  the 
time  less  than  15  ps.  Shift  of  maximum  in  induced  absorption  spectra  reflects  the 
evolution  of  the  effective  exciton  temperature  in  semiconductor. 


Fig.3  Decay  time  t  of  induced 
absorption  in  a-Se  particles  vs  the 
photon  energy  Ep^  of  probe  pulses. 


1.6  1.8  z.o  z.z 

During  the  first  450  ps  after  the  pump  pulse  action  T^  reduces  from  5900  to  3300  K 
exponentially  with  time  constant  1085  ±  245  ps  and  the  total  number  of  excitons 
decreases  more  than  three  times.  Therefore,  reduction  of  total  number  of  excitons 
takes  place  before  reaching  the  thermal  equilibrium.  Such  variation  of  can  be 
conditioned  by  surface  recombination  of  excitons  in  nanomieter  size  clusters  of  a-Se. 
Thus  the  time  behaviour  of  induced  absorption  is  determined  by  the  recombination 
and  cooling  of  excitons. 
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In  this  paper  we  present  the  experimental  studies  on  ultrafast  relaxation  of  car¬ 
riers  in  CulnS2>,Se2(,_^j-doped  glasses  under  picosecond  excitation.  We  report  on 
transient  change  of  absorption  observed  in  pump-probe  experiments  and  dependence 
of  transmission  on  the  input  intensity  obtained  from  a  single-beam  measurement. 
Using  the  laser  pulses  (15  ps)  at  1.15  eV  we  have  studied  transient  absorption  change 
as  a  function  of  excitation  intensity.  Samples  of  glasses  containing  CulnS2^Se2(,_^) 
microcrystalls  with  four  different  values  of  bandgap  (1.06;  1.14;  1.17;  1.22  eV)  are 
selected.  The  mean  crystal  diameter  In  our  samples  was  5-15  nm. 

The  transient  change  of  absorption  behave  differently  in  different  excitation 
intensity  regimes  (Fig.  1).  At  low  excitation  intensities  of  ~  50  MW*cm-2  the  bleaching 
effect  with  recovery  time  of  -  lips  was  observed  for  the  photon  energies  slightly 
exceeding  the  bandgap.  The  bleaching  was  assumed  to  result  from  the  filling  of 
quantum-well  levels  in  CulnS2xSe2(,.jj)  microcrystalls.  At  middle  excitation  intensity  a 
fast  (~40  ps)  transition  from  bleaching  to  strong  induced  absorption  with  relaxation 
time  of  ~  4  ns  was  observed,  which  was  attributed  to  two-photon  interband  transition. 
At  high  pump  intensities  (~10  GW*cm-2  )  only  induced  absorption  was  observed. 
Bleaching  did  not  occur  when  the  photon  energy  substantially  exceeded  the  bandgap; 
the  increase  of  pump  level  led  to  an  appearance  of  induced  absorption. 


-50  0  50  100  t , PS 


Fig  1,  Transient  change  of  absorption  of 
CuInS  j  2SeQ  g-doped  glass  after  excitation  at  Ep 
=1.15  eV.  The  pump  intensities  are:  (1)  0.06, 
0.27,  (3)  3.8,  (4)  8.2,  (5)  19  GW*cm-2  The 
absorption  change  AA/A=-lg(T/TQ)/lg(J/TQ)  is 
plotted  vs  the  time  delay  between  pump  and  probe. 


We  calculated  the  dependences  of  transmission  on  the  input  intensity.  The 
suggested  theoretical  model  considers  the  effects  of  the  single-photon  absorption 
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ssturation  and  two-photon  absorption.  The  theoretical  results  are  in  good  agreement 
with  experimental  data  (Fig.  2). 


Fig.  2.  Measured 
(dots)  and  calculated  (solid 
line)  dependence  of  the 
transmission  on  the  intensity 
for  a  CuInSj  qSoj  O'^oped 
glass  at  photon  energy  of  1.15 
eV. 


The  parameter  of  two-photon  absorption  has  been  estimated  to  be  0.46  cm/GW  for 
CulnSjoSeio-doped  glass.  Finally,  it  is  shown,  that  these  glasses  can  be  used  as 
saturable  absorbers  in  passively  mode  locking  YAlOj-laser.  Ultrashort  (16  ps)  pulses 
are  obtained. 
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Saturable  absorption  (SA)  based  on  the  ground-state  absorption  at  the  resonant 
wavelength  has  been  studied  since  the  I960’ s'.  In  these  years  many  people  are  interested  in 
reverse  saturable  absorption  (RSA)  based  on  the  excited-state  absorption  at  the  non-resonant 
wavelength^  ^  When  the  pulse  width  of  the  incident  laser  is  shorter  than  intersystem-crossing 
time  (0.1-1  ns),  RSA  arises  from  the  single  first  excited-state  absorption  which  is  stronger 
than  the  ground-state  absorption''. 

In  this  paper  we  reported  a  new  effect  that  the  nonlinear  absorption  is  changed  from  RSA 
into  S A  at  higher  fluences  of  ps  laser.  SA  in  this  case  is  due  to  the  singlet  second  exited-state 
absorption  which  is  stronger  than  that  of  the  ground-state  or/and  the  singlet  first  exited-state. 


Fig.l.  The  comparison  between  experi¬ 
mental  data  (dots)  and  theoretical 
simulation  (solid  carve)  of  transmittance 
versus  incident  fluences  (23  ps  at  532 
nm)  for  (TXP)Cd  solution  in 
acetonitrile.  The  change  from  RSA  to 
SA  occurs  at  fluence  of  40  mJ/cm2. 


Fig. 2.  Experimental  data  of 
transmittance  versus  fluence 
(23  ps  pulses  at  532  nm)  for 
four  samples:  □-(TXP)Sm; 
-l-(Cl-TXP)Cd;  0-(CH3-TXP)Cd; 
x-(C02Na-TXP)Gd. 


In  our  experiments  the  Nd:YAG  laser  beam  with  23  ps  at  532  nm  was  focused  into  a  cell 
contained  2  mm  thickness  (TXP)Cd  solution  in  acetonitrile  by  a  lens  with  9  cm  focal  length. 
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A  experimental  curve  of  the  transmittance  versus  the  input  fluence  for  (TXP)Cd  is  shown  in 
Fig.l.  It  can  be  seen  that  the  nonlinear  absorption  at  low  fluences  is  RSA,  however  the  SA 
occurs  above  40  mJ/cm^.  A  set  of  similar  experimental  curves  with  different  critical  fluence 
for  (TXP)Sm,  (Cl-TXP)Cd,  (CH3-TXP)Cd,  and  {C02Na-TXP)Gd  are  shown  in  Fig.2. 


Fig. 3.  Seven-lever  model  for  the 
organic  molecule. 


To  explain  these  nonlinear  absorption  effects,  a  seven-level  model  is  proposed  here,  see 
Fig. 3.  Molecules  in  Sq,  Sj,  and  S2  electronic  levels  absorb  the  incident  photons  with  same 
non-resonant  frequency  w  and  are  exited  into  S,v,  S2V  and  S3V  vibronic  sub-levels  with 
absorption  cross-sections  (ro>  and  ^2,  respectively.  Indicating  Sq,  S,,  Sjv,  S2,  Sjv,  S3,  S3V 
with  lO),  ll),  Ir),  12),  t2’),  l3),  t3’)  respectively,  the  Liouville  equation  for  the  density 
matrix  element  can  be  written  as, 

where  Hamiltonian  H  can  be  written  as 

0  ~P-Ol'^  0  0  0  0 

0  0  0  -p-12'E  0  0 

0  e,,  0  0  0  0 

H=  0  0  0  0  0  ,  (2) 

0  0  0  0  0 

0  0  0  0  0  e,  0 

0  0  0  -pyJE  0  0  ey 

where  is  the  energy  of  h)  state,  E  is  the  monochromatic  electric  field,  and  is  the 
electric  dipole  matrix  element. 

Considering  the  relaxation  of  each  level  and  neglecting  the  populations  in  Siv,  S2vand  S3V, 
the  diagonal  matrix  element  equations  and  the  light-propagation  equation  can  be  obtained  from 
Eq.(l):  256 


dp^^ldt  OoffiPoo  ^10^11 

(3) 

^P22^^f  ^21^22’ 

(4) 

^00^^11 ''^^22“^ » 

(5) 

^4>lbz=-{,a^fi^^+a^p^^+a^p^^N(l>  , 

(6) 

where  0=I/ticj  is  the  photon  flux,  N  is  the  total  molecular  density,  K„,„  is  relaxation  rate  from 
In)  state  to  bn)  state,  and  a^,  <Ti,  otj  indicate  a, 2-,  02y,  respectively.  is  the  absorption 

cross-section  from  b)  state  to  bn)  state,  which  microscopic  expression  can  be  written  as 


mnf^fnn 


(7) 


where  T„„,  is  a  characteristic  relaxation  time  between  the  states  b)  and  bn), 

Using  the  photophysical  parameters  of  the  (TXP)Cd,  and  assuming  Gaussian-shaped 
temporal  and  spatial  profiles  for  laser  pulses,  the  Eq.  (3)-(6)  can  be  solved  numerically.  The 
simulation  of  energy  transmittance  versus  incident  fluence  for  (TXP)Cd  are  shown  as  solid 
curves  in  Fig.l,  which  is  consistent  with  experimental  data. 
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The  availability  of  efficient  optical  data  links  and  optical  interconnects 
has  lead  to  a  worldwide  outburst  of  excitement  in  the  field  of  nonlinear 
photonics  in  order  to  find  nonlinear  materials  which  are  suitable  for  all- 
optical  (all-OB)  bistable  logic  gates.  The  research  efforts  span 
semiconductors  as  well  organics  in  various  forms  (bulk,  thin  films, 
quantum  wells  and  microcrystallites)  and  a  considerable  amount  of 
nonlinear  phenomena  (photorefractive  effects,  photo-thermal  bistability, 
four  wave  mixing  and  phase  conjugation). lE^]  Recently,  a  new  nonlinear 
phenomenon  was  observed:  The  excitation  of  thin  (<10p.m)  CdS  films 
with  the  514.5nm  Ar+ -laser  line  generates  -  besides  the  well  known 
photo-thermal  all-OB  in  transmission  -  all-OB  in  luminescence  in  the 
near  infrared  region  of  the  spectrum. 13.4] 


Fig.  1:  All-optical  bistability  of  the  transmitted  power  (Pir)  and  luminescence 
intensity  at  800nm.  Both  measurements  were  taken  at  220K.  The  luminescence 
signal  was  recorded  in  transmission  geometry  with  a  monochromator  by  adjusting 
the  transmitted  beam  exactly  in  the  middle  of  the  entrance  slit  as  shown  in  the  inset. 
Both  slit  widths  of  entrance  and  exit  of  the  monochromator  were  300|im. 

Figure  1  shows  the  results  for  transmission  and  luminescence.  It  is 
worthwhile  to  stress  at  this  point  that  bistability  in  luminescence  cannoi 
be  concluded  necessarily  from  the  essentials  of  photo-thermal 
bistabilities  which  are  established  on  the  photo-thermal  shift  of  Urbachs 
tail  in  the  vicinity  of  the  absorption  edge. 15]  We  propose  a  model  based 
partly  on  the  theory  of  thermoluminescence  by  Garlickl^l  to  explain 
bistability  in  luminescence. 
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For  the  first  time,  we  present  the  observation  of  refractive  all-OB 
bistable  switches  in  luminescence  as  demonstrated  in  Fig,  2.  A 
comparison  of  the  experimental  conditions  of  Figs.  1  and  2  shows  that 
the  refractive  bistabilities  cannot  be  observed  if  the  luminescence  of  the 
excited  focus  is  measured  but  if  the  direct  transmitted  beam  of  the  focus 
is  blocked  by  the  entrance  slit  of  the  monochromator. 


Pjn  (mW) 


Fig.  2:  The  dependence  of  the  luminescence  intensity  on  entrance  slit  widths  -  (a) 
300|J.m,  (b)  400p.m  and  (c)  500|im  -  of  the  monochromator.  The  exit  slit  width 
remains  untouched  at  300|xm.  Clearly,  besides  the  absorptive  bistable  switches 
down  pronounced  bistable  switches  up,  i.e.,  refractive  bistabilities  were  observed. 
Refractive  bistability  appeared  only  if  the  direct  transmitted  beam  of  the  514.5nm 
line  was  blocked  by  the  entrance  slit  as  depicted  in  the  insets.  All  measurements 
were  carried  out  at  800nm  and  220K. 

In  addition,  a  considerable  dependence  of  the  bistable  luminescent 
responses  on  the  entrance  slit  width  is  observed.  The  observation  can  be 
explained  by  the  variation  of  the  thermal  stress  of  the  surrounding  area 
of  the  focus  of  the  laser  beam  during  the  bistable  change  of  the 
transparent  to  the  opaque  state  of  the  thin  CdS  film. 

An  application  of  bistability  in  luminescence  is  discussed.  Instead  of  a 
monochromator  GaAs  wafers  were  used  as  cut-off  filters  for  the 
transmitted  light  in  order  to  measure  the  integrated  luminescence  signal 
(>870nm,  i.e.  the  cut-off  wavelength  of  GaAs  at  300K)  of  the  thin  CdS 
film.  In  Fig.  3  it  is  shown  that  the  contrasts  of  the  bistable  loops  in 
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luminescence  depend  on  the  free  carrier  type  of  the  wafer  investigated. 
It  is  shown  that  the  differences  of  the  loop  contrasts  of  the  bistable 
luminescence  are  caused  by  the  the  Burstein-Moss  shift  and  bandgap 
renormalization  of  n-type  and  p-type  GaAs  wafers,  respectively. 


Fig.  3:  Bistability  in  luminescence  measured  by  putting  differently  doped  -  (a) 
p(Zn)-type  (5.8-14xl0l8cm-3)  and  (b)  n(Te)-type  (2-15xl0l7cm-3)  -  wafers  in  the 
transmitted  beam.  Obviously,  different  free  carrier  types  cause  different  loop 
contrasts.  The  temperature  of  the  thin  CdS  film  and  the  GaAs  wafers  during  the 
measurement  were  150K  and  300K,  respectively. 

In  conclusion,  the  first  theoretical  interpretation  for  all-OB  in 
luminescence  is  presented.  This  is  also  the  first  report  of  refractive 
bistability  in  luminescence.  Finally,  a  novel  method  is  proposed  to  study 
the  free  carrier  type  of  semiconductors  by  the  application  of  bistability  in 
luminescence. 
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Nondestructive  Testing  Using  Nonlinear  Optically  Based  Smart-Pixel  Processors 

David  M.  Pepper 
Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 
310/317-5125 

Summary 

There  is  an  on-going  need  in  the  commercial  sector  to  rapidly  and  nondestructively  inspect 
components,  ex  situ  and  in  situ,  under  harsh  in-factory  and  field-testing  conditions.  To  motivate 
this  need,  we  cite  below  three  such  examples  in  rather  diverse  industrial  applications.  This  will  be 
followed  by  how  optics  and,  more  specifically,  how  so-called  “smart-pixel  processors,”  can 
augment  existing  inspection  systems  —  all  with  the  goal  of  enhancing  the  performance  of  the 
diagnostic.  By  smart-pixel  processors,  we  imply  that  multi-pixelated  information  can  be  processed 
in  parallel,  with  differential  phase  information  preserved  amongst  the  pixels.  Typically,  such 
processors  can  be  realized  via  architectures  involving  phase-conjugate  mirrors,  either  isolated,  or  in 
conjunction  with  spatial  light  modulators.  These  systems  can,  hopefully,  lead  to  more  robust  and 
flexible  manufacturing  diagnostics,  resulting  in  video  frame-rate,  automated  inspection  capabilities, 
with  the  potential  for  closed-loop  control  of  the  manufacturing  process. 

One  example  of  an  existing  inspection  need  is  in  the  microelectronics  industry,  where  one 
desires  the  real-time  inspection  and  quality  control  of  samples  consisting  of  highly  complex,  yet 
periodic  patterns,  such  as  masks,  wafers,  active-matrix  display  panels,  and  memory  chips.  The 
detection  and  classification  of  random  defects  and  flaws  early  during  various  processing  steps  can 
improve  the  yield  and  throughput  of  the  assembly  line.  Flaws  typically  include  surface  blemishes 
(scratches,  digs,  dust)  and  breaks  (open  circuits)  in  the  connecting  elements.  The  challenge  is  to 
localize  such  defects  in  the  presence  of  the  desirable,  yet  highly  complex  and  periodic,  background 
patterns,  typical  of  step-and-repeat  memory  chips  and  pixelated  display  panels.  Currently,  various 
commercial  inspection  systems  exist,  which  employ  concepts  such  as  scatterometry  [1]  and  fixed- 
mask  matched  filtering  [2].  The  former  approach  involves  illuminating  the  sample  with  a  laser 
beam  and,  by  measuring  the  angular  dependence  of  the  scattered  light,  one  can  infer  the  statistical 
distribution  of  various  classes  of  surface  defects.  The  latter  approach  involves  either  holographic 
filters  or  image  comparison  methods,  whereby  an  ideal  mask  pattern  is  compared  with  the  sample 
undergoing  inspection.  The  reference  pattern,  being  a  fixed  mask,  requires  precision  alignment, 
magnification  control,  and  distortion-free  optical  relay  systems  (either  via  electromechanical 
manipulators  or  via  software  algorithms).  Moreover,  as  new  structures  are  to  be  inspected,  a 
catalog  of  new  matched-filter  masks  are  needed  as  reference  structures. 

In  a  series  of  experiments,  both  spatial  light  modulators  [3],  and  real-time  holographic 
materials  using  photorefractive  crystals  [4],  have  been  implemented  as  “all-optical”  nonlinear- 
optical  (NLO)  processing  elements  at  a  spatial  Fourier  transform  plane.  The  basic  idea  is  that  the 
nonlinear  element  is  biased  to  provide  a  thresholding  operation  at  the  transform  plane  —  on  a 
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pixel-by-pixel  basis  —  so  that  intense  features  (typical  of  periodic  patterns  at  the  object  plane)  are 
suppressed,  while  weak  features  (typical  of  random  defects  at  the  image  plane)  are  preserv'ed.  The 
NLO  element  thus  functions  as  an  adaptive  mask,  or  filter,  free  from  the  alignment  constraints  of 
fixed-filter  systems.  After  a  second  transform  operation  —  with  either  a  second  lens  or  by 
double-passing  the  input  lens  —  the  defect  features  remain,  while  the  periodic  features  are 
suppressed.  Therefore,  the  viewing  of  the  defects  can  be  enhanced  for  ease  of  inspection  and/or 
classification.  Being  an  adaptive  filter  processor,  enables  one  to  inspect  a  variety  of  components 
without  the  need  for  reference-filter  libraries.  The  result  is  a  flexible,  robust  manufacturing 
diagnostic,  with  the  potential  for  real-time  implementation  and  process  control. 

Another  general  area  of  concern  in  the  manufacturing  and  commercial  arenas  (energy, 
automotive,  aerospace,  aging  aircraft,  etc.)  involves  the  inspection  and  monitoring  of  myriad 
materials  processing,  including  evaluation  of  metallurgical  properties  (microstructure  and 
hardness),  surface  and  bulk  temperature,  thickness,  composite  material  processing  (delamination, 
debonding),  and  various  bonds.  Ultrasonic  methods  constitute  one  of  many  diagnostic  techniques 
for  such  applications.  However,  in  the  presence  of  in-factory  conditions  such  as  high  temperature, 
radiation,  vibration,  and  irregular  surfaces,  conventional  techniques  such  as  direct  contact  and 
immersion  ultrasound  may  no  longer  be  compatible  with  these  environments.  Laser  ultrasonics  [5] 
offers  a  potential  technique  for  ultrasonic  inspection  without  the  need  for  direct  contacting, 
resulting  in  a  nondestructive,  long-standoff-distance  diagnostic.  Significant  progress  in  laser- 
based  ultrasonics  has  been  made  over  the  past  decade  [6],  which  may  enable  this  novel  diagnostic 
to  find  its  way  into  the  manufacturing  arena.  We  will  discuss  some  recent  advances  that  involve 
optical  compensation  approaches  —  namely,  phase-conjugate  mirrors  [7]  and  two-wave  mixers 
[8]  —  which  can  further  enhance  the  performance  of  laser  ultrasonic  diagnostics,  resulting  in 
more  robust  capabilities  so  that  multi-functional  systems  can  be  realized.  Finally,  we  discuss  the 
ability  of  novel  phase-conjugate  interferometers  to  function  as  compact  remote  sensors,  with  the 
capability  to  monitor  the  growth  of  thin  films  [9],  as  well  as  to  sense  trace-compound  species  in 
free-space  and  guided- wave  geometries  [10].  The  use  of  phase -conjugate  elements  can  result  in  an 
auto-aligned  sensor,  with  the  potential  to  implement  such  biosensors  and  environmental  monitoring 
systems  in  commercial  and  manufacturing  applications. 
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SUMMARY 


Parallel  optical  information  processing  systems  are  well  suited  for  information  reduction  and 
preprocessing.  Three  important  specifications  for  such  applications  have  to  be  fulfiled:  High 
space-bandwidth-product,  amplification  for  signal  restoring,  and  compensation  of  aberrations. 
The  introduction  of  phase-conjugating  elements  into  optical  information  processing  systems 
will  help  to  realize  these  specifications.  The  advantages  of  phase  conjugation  in  optics,  like 
exact  counterpropagation  and  phase  reconstruction,  are  well  known,  but  the  number  of 
experimental  realized  applications  is  still  small.  This  report  gives  a  insight  into  realised 
applications  of  phase  conjugation.  In  a  first  part  we  report  on  setups  of  phase  conjugating 
mirrors  in  combination  with  different  types  of  interferometers  (Michelson,  Sagnac,  and  Fabry- 
Perot).  Applications  on  image  subtraction,  contrast  amplification,  phase  visualisation,  and 
parallel  optical  feedback  systems  will  be  presented.  In  all  our  experiments  we  used  BaTi03 
photorefractive  crystals  and  Ar'^-ion  laser  for  pump/signal  waves. 

In  a  second  part  we  report  on  storage  of  64  volume  holograms  in  photorefractive  BaTi03  using 
a  novel  orthogonal  phase  encoding  storage  technique  developped  in  our  group.  The  new  kind 
of  volume  memories  offers  enormous  data  storage  densities,  fast  access  times  associated  with 
the  parallel  readout  of  large  memory  portions  or  pages  and  a  potential  associative  access  and 
data  processing  in  the  optical  phase. 

1.  PCM  IN  A  MICHELSON  INTERFEROMETER 


A  folded  setup  equivalent  to  a  Michelson  interferometer  with  arms  of  equal  length  is  used.  The 
light  of  both  interferometer  arms  is  directed  by  mirrors  onto  a  self-pumped  phase  comjugating 
mirror,  in  which  it  is  focused  by  a  lens.  The  angular  selectivity  of  self-pumped  phase 
conjugation  allows  the  separation  of  the  two  arms  in  a  single  volume.  Inserting  images  into  the 
two  arms  of  the  interferometer  allows  the  realization  of  parallel  optical  logic  operations  like 
addition,  XOR-operation  and  subtraction.  Most  promising  application  is  its  use  as  novelty 
filter. 


2.  PCM  IN  A  SAGNAC  INTERFEROMETER 

The  use  of  optical  image  processing  systems  depends  on  the  amount  of  information  channels 
and  the  nonlinear  coupling  between  channels.  We  studied  the  spatial  resolution  of  a  phase- 
conjugating  ring-resonator  consisting  of  a  Sagnac  interferometer  and  a  phase  conjugating 
mirror  with  high  gain.  We  also  examined  the  contrast  function  of  a  set  of  incoming  signals 
which  depends  on  the  gain  of  the  PC  resonator  and  the  feedback  ratio  of  the  whole  system.  We 
obtained  about  10'  independent  channels  within  our  system.  The  transferfunction  of  the  system 
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is  invesiigaied  by  comparing  the  power  speclriim  of  the  incoming  signal  and  the  oulinit  signal. 
Control  of  coupling  strength  between  channels  is  possible.  We  are  using  ring  resonators  tor  the 
realisation  of  neural  nets  and  filtering  .systems. 

3.  PCM  IN  A  FABRY-PEROT  INTERFEROMETER 

A  Fabry-Perot  interferometer  ot  low  tmesse  is  used  for  phase  front  measurements.  While  the 
first  mirror  of  the  Fabry-Perot  setup  is  a  norma!  dielectrical  one,  the  second  mirror  is  a  self- 
pumped  phase  conjugating  mirror  in  which  the  incoming  wave  was  focused  by  a  internal  lens. 
The  interferometer  can  be  regarded  as  being  neutral  due  to  the  exact  phase  front  reconstruction 
via  phase  conjugation  and  theretore  does  not  contribute  to  the  interference  pattern  of  the 
beams.  If  a  phase  object  is  inserted  in  front  of  the  interferometer  into  the  laser  beam,  it  causes 
distortions  of  the  wave  front,  resulting  in  a  change  of  the  interference  pattern.  This  shift  can  be 
used  to  determine  the  thickness  of  the  phase  object.  Moreover  this  setup  can  prove  the  quality 
of  pha.se  conjugation. 

4.  STORAGE  OF  VOLUME  HOLOGRAMS  IN  PHOTOREFRACTIVE  BaTiO;, 

Reconfigural  volume  holograms  are  important  for  a  wide  range  of  multiple  data  storage 
applications,  including  optical  interconnection  sy.stems,  image  processing  and  neural  network 
models.  Several  techniques  for  multiplexing  to  obtain  a  large  number  of  stored  images  which 
can  be  recalled  independently  have  been  developed.  But  even  the  most  promising  of  these 
multiplexing  techniques,  angular  multiplexing  using  the  selectivity  of  the  Bragg-condition, 
revealed  to  be  limited  primarily  because  of  cross-correlation  noise.  Other  problems  are  not  less 
severe. 

In  this  paper  we  present  an  alternative  approach  implementing  a  phase  coding  method  of  the 
reference  beam.  Phase  encoding  has  been  discussed  for  interconnecting  vector  arrays  in  thin 
holograms  and  to  perform  array  interconnections  by  correlation  of  a  reference  beam  with  a 
supplementary  phase-coded  input  beam.  In  contrast  to  these  investigations,  we  use  a  reference 
beam  phase  coding  method  in  thick  volume  holographic  media,  taking  thus  full  advantage  of 
the  selectivity  of  the  Bragg-condition  in  volume  storage  media.  In  our  experiments,  we  stored 
with  pure  and  deterministic  orthogonal  pha.se  references  64  images  into  a  photorefractive 
BaTi03-crystal.  For  this  we  developed  a  special  pha.se  modulator  on  the  basis  of  a  liquid 
crystal  display.  Good  reconstruction  with  low  crosstalk  could  be  observed.  Compared  to  other 
multiplexing  techniques  as  angular  multiplexing,  our  method  allows  high  storage  capacity 
w'ithout  alignement  problems.  Moreover,  easy,  light  cfTicient  as  well  as  immediate  image 
retrieval  without  any  time  delay  is  possible.  Experimental  setup  and  results  w'ill  be  presented. 
We  will  especially  discuss  in  detail  advantages  and  di,sadvantages  of  this  coding  method 
compared  to  others.  In  addition,  we  will  present  some  possibilities  to  introduce  this  storage 
system  in  combination  with  a  PCM  into  a  assoziative  network  (latest  results). 
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Summary 

Excising  narrowband  interference  from  a  broadband  received  signal  is  a  useful  function 
in  modern  communication  systems  [1],  Useful  operation  requires  that  the  process  be  adaptive 
since  the  frequency  location  of  the  interference  is  not  known  a  priori  or  may  change  in  time 
Nonlinear  feedback  controlled  filters  utilizing  various  algorithms  such  as  Widrow's  least-mean- 
squared-error  algorithrn  [1]  have  been  studied  and  implemented  using  both  electronic  [2]  and 
optical  and  electro-optical  components  [3,4],  The  hybrid  optical  systems  have  demonstrated 
remarkable  performance  with  interference  cancellation  ratios  exceeding  30  dB  [3,4],  The  main 
drawback  of  these  systems,  electronic  or  optical,  is  the  complexity  of  the  architecture  which 
involves  some  form  of  nonlinear  feedback.  The  system  described  in  this  paper  involves  no 
explicit  feedback  loops  and  is  conceptually  simpler  than  former  systems  yet  offers  competitive 
performance. 

In  this  paper,  we  present  a  novel  method  of  achieving  adaptive  notch  filtering  using  the 
photorefractive  effect  in  conjunction  with  an  acoustooptic  deflector.  The  frequency  of  the 
interference  can  be  unknown,  and  it  does  not  even  have  to  be  temporally  stable  as  long  as  it  falls 
within  the  bandwidth  of  the  device.  We  demonstrate  experimentally  that  our  device  will  achieve 
40  dB  interference  cancellation  in  a  completely  adaptive  way. 

Our  new  method  for  adaptive  rf  notch  filtering  is  conceptually  shown  in  Fig.  1.  Two 
mutually  coherent  laser  beams  (Ii  and  I2)  probe  two  different  locations  of  an  acoustooptic 
deflector  (AOD).  The  two  locations  are  chosen  such  that  there  is  an  acoustic  (temporal)  delay  Ta 
between  them,  and  the  AOD  is  driven  by  a  rf  signal  to  be  processed.  The  two  diffracted  outputs 
of  the  AOD  are  arbitrarily  assigned  as  the  probe  and  pump  beams  (Iprobe  and  Ipump  in  Fig.  1 , 
respectively)  for  the  next  stage  of  photorefractive  two-beam  coupling;  it  is  of  no  significance  as 
to  which  is  the  pump  and  which  the  probe.  When  the  two  beams  are  combined  in  a 
photorefractive  crystal,  the  components  that  are  mutually  coherent  will  interact  to  transfer  energy 
from  the  pump  to  the  probe,  while  the  components  that  are  mutually  incoherent  will  not  interact 
just  as  described  in  Sec.  II. 

To  better  clarify  the  experiment,  consider  the  electrical  input  signal  to  the  deflector  be 
Sin(t)  -  n(t)  +  b(t)  where  n(t)  represents  the  narrowband  interference  component  and  b(t)  the 
broadband  signal  component.  If  we  choose  the  acoustic  delay  Tg  and  the  photorefractive 
response  time  x  such  that  l/Afn>Ta  and  1/Afn>x  where  Afj,  is  the  bandwidth  of  n(t),  then  the 
narrowband  components  will  directly  couple  with  one  another.  Fikewise,  the  inequalities 
l/Afb<Ta  and  1/Afb<x  where  Afb  is  the  bandwidth  of  b(t)  will  assure  that  the  broadband 
components  do  not  interact  directly  one  with  the  other. 

Finally,  the  output  of  the  filter  is  obtained  when  the  depleted  pump  beam  (rpump)  is 
heterodyned  with  a  local  reference  beam.  The  reference  beam  is  derived  from  the  laser  beams 
(either  Ij  or  I2)  incident  on  the  AOD.  Ideally,  the  heterodyned  signal  will  recover  Sin(t),  the 
electrical  input  signal  to  the  AOD,  minus  the  component  that  is  mutually  coherent  in  Ipumn'and 
Iprobe-  la  practice,  however,  the  output  of  the  filter  is  given  approximately  by 

Sout(t)  -  b(t)  +  rib(t-Ta)  +  ejn(t)  +  e2n(t-Ta)  (1) 
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where  r\  is  the  diffraction  efficiency  of  the  photorefractive  grating  formed  by  the  coherent 
component  of  the  signal  (i.e.,  the  interference  term)  and  the  coefficients  Sj  and  e„  characterize  the 
interference  cancellation  performance  of  the  system.  Although  the  broadband  components  do 
not  directly  couple  with  one  another,  each  diffracts  off  (fully  Bragg-matched)  the  stable  grating 
formed  by  the  narrowband  components  with  an  efficiency  1).  An  unvr anted  echo  of  the  desired 
signal  exists  in  the  output  signal  (the  term  with  T]  in  Eq.  1),  but  it  can  be  electronically  filtered 
out  since  r\  <  1  and  the  delay  Ta  is  fixed  and  known. 

In  our  experiments  that  followed  Fig.  1  closely,  we  used  the  514.5  nm  Argon  laser  output, 
a  flint  glass  acoustooptic  modulator  with  a  center  frequency  of  75  MHz  (40  MHz  bandv/idth), 
and  a  cerium-doped  Sro.6Bao.4Nb03  crystal  that  was  grown  at  Rockv/ell  Science  Center  by  R.  R. 
Neurgaonkar.  The  separation  between  the  beams  in  the  AOM  gave  an  acoustic  delay  of  Ta  =  2 
|isec.  The  heterodyned  detector  output  of  the  pump  beam  signal  was  monitored  for  several  rf 
signal  cases. 

The  first  system  test  measured  the  cancellation  performance  of  a  sinusoidal  interference 
with  no  broadband  components.  This  is  typically  used  as  a  rough  measurement  of  the  system 
performance  before  broadband  components  are  introduced  [3,4].  The  interference  at  82.4  MHz 
in  frequency  was  applied  to  the  acoustooptic  deflector  and  the  system  output  (coherently  detected 
pump  modulation)  was  monitored  with  a  spectrum  analyzer  v/ith  the  probe  blocked  (filter 
inactive)  and  unblocked  (filter  active).  The  inactive  and  active  filter  outputs  are  shown 
respectively  in  Figs.  2(a)  and  2(b)  demonstrating  approximately  40  dB  of  cancellation.  The  time 
response  of  the  system  was  measured  by  monitoring  the  output  pump  intensity  as  a  function  of 
time  when  the  input  (interference  only)  is  suddenly  switched  on  and  was  approximately  5.5  msec 
at  an  average  total  intensity  of  10  W/cm^.  If  the  interference  frequency  were  suddenly  changed 
(within  the  system  bandwidth  governed  by  the  acoustooptic  deflector  bandwidth),  the  system 
automatically  adapts  to  the  new  frequency  at  this  rate. 

The  system  was  then  tested  with  an  input  consisting  of  both  narrowband  (sinusoidal) 
interference  and  broadband  signal  by  simply  using  double  sideband  amplitude  modulation  of  a 
carrier  first  with  a  random  sequence  signal  (zero-mean,  uniform  distribution  at  1  MHz  sampling 
frequency),  then  a  square  wave  at  500  KHz.  The  unsuppressed  carrier  serves  in  this  case  as  the 
interference.  Figures  3(a)  and  3(b)  respectively  show  the  inactive  and  active  system  output 
spectra  for  an  input  consisting  of  an  interference  at  82.4  MHz  and  the  random  sequence  signal. 
We  have  also  tested  our  system  with  signal  center  frequency  translated  to  86.5  MHz  and  with  a 
square  wave  signal;  we  have  observed  about  40  dB  suppression  of  interference  in  all  cases. 

We  have  described  and  demonstrated  the  operation  of  a  novel  adaptive  rf  notch  filter 
using  photorefractive  two-beam  coupling.  The  simple  and  yet  effective  concept  yielded 
interference  cancellations  of  40  dB  while  exhibiting  both  adaptivity  to  changing  frequencies  and 
a  rapid  response  time  of  5.5  msec.  Our  simple  design  requiring  an  acoustooptic  deflector,  a  laser, 
a  photodetector  and  a  photorefractive  crystal  with  some  minimal  optics  is  very  amenable  to 
integrated  optical  realizations. 
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Fig.  1  Adaptive  rf  notch  filtering  using  photorefractive  two-beam  coupling;  experimental  setup 


Fig.  2  40  dB  cancellation  of  interference  at  82.4  MHz  with  no  broadband  signal:  (a)  inactive 
system  output  spectrum,  (b)  active  system  output  spectrum.  10  dB/div.  vertical  scale. 
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The  double  phase  conjugate  mirror! D  is  a  unique  photorefractive  device  in  which  two 
mutually  incoherent  input  beams  become  phase  conjugates  of  each  other.  Recently,  we  developed 
a  model  to  calculate  the  temporal  and  spatial  behavior  of  DPCM!^),  predicted  and  observed!^)  a 
fidelity-threshold.  In  this  work  we  present  a  detailed  theoretical  and  experimental  study  of  the 
DPCM.  We  characterize  its  spatial  and  temporal  behavior  through  the  conjugation  fidelity  and 
conjugation  reflectivity,  establish  its  oscillatory  properties  and  predict  critical  slowing  down  near 
the  threshold.  This  work  provides  a  deeper  insight  into  the  stimulated  wave  mixing  process,  and 
will  be  useful  for  understanding  the  limitations  of  device  applications. 

Our  theoretical  and  experimental  results  show  that  the  conjugation  fidelity  and  reflectivity 
have  a  different  dependence  on  photorefractive  coupling  coefficient  times  length  (gain).  Fig(l) 
shows  the  conjugation  fidelity  and  the  conjugation  reflectivity  as  a  function  of  gain.  The 
conjugation  fidelity  exhibits  a  sharp  jump,  which  we  define  as  the  DPCM  fidelity-threshold,  while 
the  conjugate  reflectivity  smoothly  increases  as  the  gain  is  increased  past  that  point.  Near  this 
threshold  the  reflectivity  continues  to  be  very  small  (a  sudden,  but  small,  increase  in  reflectivity  is 
also  apparent)  while  the  fidelity  is  close  to  unity.  Our  experimental  results!^)  confirm  this  behavior 
and  indicate  that  above  the  threshold  good  fidelity  is  obtained  and  stays  unchanged  as  the 
reflectivity  continues  to  grow  with  the  gain.  The  difference  between  the  fidelity  and  reflectivity  is 
also  apparent  in  their  temporal  evolution.  We  observe  both  theoretically  and  experimentally  that  the 
fidelity  reaches  steady  state  early  in  time  while  the  reflectivity  continues  to  grow  gradually. 

Our  calculations  point  out  two  major  features  that  characterize  the  DPCM  as  an  oscillator. 
The  first  one  is  slowing-down  of  the  DPCM  temporal  response  for  operation  near  the  threshold  (in 
a  similar  manner  to  critical  slowing-down  in  lasers).  Fig(l)  illustrates  the  response  time  of 
reflectivity  as  a  function  of  gain.  The  time  required  for  the  reflectivity  to  reach  steady  state 
dramatically  slows  down  near  the  threshold.  The  property  of  decreasing  response  time  with 
increasing  gain  is  a  characteristics  of  oscillators  (in  an  amplifier,  the  time  response  does  not  diverge 
at  any  specific  gain  value).  Our  second  observation  is  the  sustaining  of  the  conjugation  reflectivity 
after  the  seed  levels  are  set  to  zero  (for  gain  values  above  the  threshold).  The  behavior  of  DPCM 
for  different  gain  values  is  illustrated  in  Fig(2),  where  the  temporal  evolution  of  the  conjugation 
reflectivities  for  three  different  gain  values  are  shown  (well  above  ,  well  below  and  near  the 
threshold  (gain  values  of  1.63,  0.98,  1.28)).  In  each  case  after  the  system  comes  to  steady  state, 
the  seed  levels  are  set  to  zero.  Above  the  threshold  the  conjugate  reflectivities  are  not  affected 
(upper  curve),  while  well  below  the  threshold  the  conjugate  reflectivities  go  to  zero.  Near  the 
threshold  tjie  reflectivity  decreases,  but  remains  finite. 

Finally,  we  present  the  seed  levef^)  and  input  intensity  ratio  dependencies  of  the  gain- 
threshold.  Our  calculations  show  that  for  low  seed  level  (seed  to  beam  intensity  ratio  of  lO"^)  the 
steady-state  fidelity  and  reflectivity  do  not  vary  significantly  with  seed  levels.  However,  for  high 
seed  levels  (seed  to  beam  intensity  ratio  of  10'4)  fanning  becomes  more  pronounced,  and  the 
calculations  show  a  significant  degradation  of  the  phase  conjugation.  We  find  that  fanning  acts  as 
a  dissipation  process  which  damps  the  oscillation,  hence  "critical  slowing  down"  become  less 
pronounced  as  the  seed  level  is  increased. 
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Unbalanced  input  beam  intensities  result  in  asymmetric  conjugation  process  where  the 
conjugation  fidelity  on  the  side  of  the  weak  input  beam  is  greatly  reduced,  although  the  intensity  of 
the  diffracted  strong  beam  in  the  direction  of  the  weak  beam  is  large.  Specifically,  the  stronger 
beam  bleaches  the  fanning  (amplified  noise)  gratings  of  the  weak  beam,  and  enables  relatively  high 
conjugation  quality  on  its  input  side  (i.e.,  high  fidelity  is  obtained  for  the  image  originally  borne  on 
the  strong  beam  and  transferred  to  the  weak  beam).  The  opposite  process,  however,  is  not  efficient 
due  to  unbalanced  process,  and  the  weak  beam  is  not  able  to  eliminate  the  appearance  of  fanning 
gratings,  which  results  in  the  conjugate  image  embedded  in  fanning.  In  our  calculations  we  find 
that  the  fidelity  as  a  function  of  gain  on  the  side  of  the  strong  input  beam  is  slightly  flattens,  but  the 
threshold  value  is  unaffected.  On  the  other  hand,  the  fidelity  as  a  function  of  gain  on  the  side  of 
the  weak  input  beam  is  shifted  towards  higher  gain  values.  Hence,  for  a  given  gain  value  we  find 
more  degradation  on  the  side  of  the  weak  input  beam.  The  fanning  of  the  strong  beam  (in  a  similar 
manner  to  large  seed  level),  makes  the  critical  slowing  down  less  pronounced.  With  larger 
intensity  ratios  the  peak  of  the  reflectivity  response  time  as  a  function  gain  shifts  towards  higher 
gain  values,  confirming  the  shift  in  the  threshold  observed  for  the  fidelities.  We  also  confirmed 
these  results  experimentally(3).  Fig(3)  shows  typical  photographs  of  the  phase  conjugate  images 
for  unbalanced  input  beams,  where  (a)  and  (b)  are  the  images  on  the  sides  of  the  strong  and  weak 
inputs,  respectively.  Additional  experimental  observations  indicate  that  the  fidelity  threshold  value 
depends  on  the  resolution  of  the  input  beam,  and  partial  conjugation  can  be  observed  (in  images  of 
varying  resolution)  at  intermediate  gain  levels. 

In  conclusion,  we  present  theoretical  and  experimental  results  that  analyze  the  double  phase 
conjugation  process.  We  establish  the  existence  of  gain-threshold  and  point  out  the  differences 
between  conjugation  fidelity  and  conjugation  reflectivity.  We  study  the  oscillatory  nature  of  the 
DPCM  and  predict  the  existence  of  critical  slowing  down  near  the  gain-threshold.  Our  results 
provide  a  deeper  insight  into  the  stimulated  wave  mixing  process,  and  are  useful  for  understanding 
the  limitations  of  device  applications,  such  as  image  processors,  interconnects,  interferometers, 
and  coupled-laser  devices.  Furthermore,  our  theoretical  formulation  is  general  and  may  be  applied 
to  all  the  stimulated  photorefractive  processes  and  all  self-pumped  phase  conjugators. 
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Fig.  1:  Conjugation  fidelity,  conjugation 
reflectivity,  and  response  time  of  the 
conjugation  reflectivity  (normalized)  as  a 
function  of  gain  length  product. 


Fig.  2:  Conjugation  fidelity  as  a  function  of 
time  for  gain  values  of  (2.71,  1.57,  1.17) 
for  parameters  that  give  a  threshold  value  of 
1.62.  The  left  vertical  axis  corresponds  to 
reflectivities  for  gain  values  of  (2.71,  1.57), 
and  the  right  vertical  axis  corresponds  to 
reflectivities  for  the  gain  value  of  1.17. 


Fig.  3:  Phase  conjugate  images  for  unbalanced  input  beams  of  intensity  ratio  1:5; 
(a)  on  the  side  of  the  strong  input  beam,  (b)  on  the  side  of  the  weak  input  beam. 
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Summary 

Recently  we  demonstrated  a  gain  of  6  times  that  was  obtained  by  nondegenerate  two- 
wave  mixing  in  Cr:YA1034  Here  we  report  new  experiments  in  which  a  gain  of  22  times  was 
achieved  by  increasing  both  the  interaction  length  and  the  doping  of  the  material.  To  our 
knowledge,  this  is  the  largest  cw  two-wave  mixing  gain  obtained  in  a  bulk,  solid  state,  non- 
photorefractive  material.  Experiments  demonstrating  high  gain,  non  degenerate  two- wave  mixing 
in  new  solids  using  low  power  cw  lasers  constitute  an  essential  step  in  establishing  the  viability 
of  alternative  materials  for  applications  of  nonlinear  optics  in  areas  such  as  signal  processing. 
Availability  of  high  gain  can  bring  about  rapid  progress  in  experimental  research,  as  occurred 
with  the  discovery  of  photorefractive  materials  such  as  barium  titanate.  To  our  knowledge 
however,  no  one  has  demonstrated  gain  comparable  to  that  of  photorefraetive  materials  by  using 
a  solid  state  bulk  (as  opposed  to  guided  wave)  Kerr  medium  with  a  cw  source.  We  report 
properties  of  a  candidate  material,  chromium-doped  yttrium  aluminate  (Cr:YA103),  that  may 
significantly  advance  experimental  efforts  on  nonlinear  optics  in  Kerr-like  media,  much  the  way 
basic  studies  of  barium  titanate  initiated  widespread  study  of  nonlinear  optics  in  photorefractive 
materials.  Motivation  for  the  present  work  was  provided  by  the  expectation  of  new  properties 
that  should  result  from  the  different  nonlinear  mechanism  (Kerr-like  vs.  photorefractive),  such  as 
improved  dynamic  range  in  mutually  pumped  phase  conjugation^  that  is  important  in  wavefront 
matched  heterodyne  receivers.^ 

Figure  1  is  a  simplified  schematic  of  the  experiment  used  to  measure  gain  in 
nondegenerate  two-wave  mixing.^  Light  from  an  argon  laser  is  split  into  a  weak  probe  beam 
l2(0}  and  a  strong  pump  li(0),  with  a  fixed  ratio  l2(0)II}(0)  =  1/1000.  The  frequency  of  the  pump 
is  shifted  by  approximately  5  Hz  with  respect  to  the  probe  by  reflecting  it  from  a  mirror  mounted 
to  a  piezoelectric  transducer  and  driven  by  a  triangle-wave  voltage  source.  The  grating  formed 
by  the  interaction  of  the  pump  and  probe  in  the  crystal  of  Cr:YA103  results  in  amplification  for 
the  probe  when  the  mirror  is  moving  in  one  direction,  and  attenuation  when  the  mirror  moves  in 
the  opposite  direction. 
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Fig.  1  Schematic  of  experiment  used  to  measure  nondegenerate  two-wave  mixing  gain. 


Figure  2  (a)  shows  a  plot  of  the  gain  as  a  function  of  the  intensity  of  the  pump  for  the 
range  from  0  to  80  W/cm^.  The  circles  are  the  experimental  measurements,  and  the  line  is  a  fit 
of  the  theoretical  form, 
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with  clL  =  0.69,  L  =  9.1  mm,  X  =  514.5  nm  and  h  =  hv/ax  =  1.27  kW/cm^,  where  h  is  Planck's 
constant,  v  is  the  optical  frequency,  a  is  the  absorption  cross-section  and  x  is  the  metastable  state 
lifetime.  Using  n2  as  the  only  adjustable  parameter,  the  fit  yields  n2  =  3.2  x  lO'”^  cm^AV. 


(a) 


(b) 


Fig.  2  Gain  vs.  pump  intensity:  (a)  from  0  to  70  W/cm^,  and  (b)  from  0  to  400  W/cm^. 
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Figure  2  (b)  shows  the  gain  for  the  range  from  0  to  400  W/cm^.  Using  the  previously 
stated  parameters  and  n2  as  determined  from  the  fit  for  the  lower  intensity  range  of  Fig.  2(a),  the 
line  in  Fig.  2(b)  represents  projections  based  on  the  theoretical  form  expressed  by  Eq.  (1).  A 
gain  of  22  times  was  obtained  at  approximately  400  W/cm^,  but  the  measured  gain  does  not 
increase  with  intensity  as  much  as  theory  predicts.  (Theory  predicts  a  gain  of  200  at  400 
W/cm2.)  We  believe  this  is  due  to  "beam  break-up"  resulting  from  spatial  nonuniformities  of  the 
nonlinear  refractive  index  change  in  the  interaction  region.  As  evidence,  Fig.  3  shows 
photographs  of  the  transmitted  pump  beam  with  the  probe  beam  off,  (a)  at  low  intensity  and 
normal  exposure  indicating  the  transmitted  beam  size,  (b)  at  low  intensity  and  long  exposure 
showing  an  "X"  shaped  pattern  of  linear  scattering  that  is  believed  to  be  the  result  of  scattering 
from  surface  and  bulk  defects,  and  (c)  at  high  intensity  and  exposure  equivalent  to  case  (b) 
showing  both  the  nonlinear  scattering  due  to  nonuniformities  in  the  nonlinear  refractive  index 
change,  and  the  linear  scattering  due  to  surface  and  bulk  defects.  Spatial  nonuniformities  of  the 
nonlinear  refractive  index  change  in  the  interaction  region  can  be  the  result  of  shadows  or 
distortions  from  surface  or  bulk  defects,  or  from  spatial  variations  in  the  Cr-ion  concentration. 


(a)  (b)  (c) 

Fig.  3  Photographs  of  the  transmitted  pump  beam,  (a)  Gaussian  beam  size,  (b)  "X"  shaped 
pattern  resulting  from  linear  scattering,  and  (c)  nonlinear  scattering. 

In  conclusion,  we  have  demonstrated  a  gain  of  22  times  by  nondegenerate  two-wave 
mixing  in  Cr;YA103.  The  experimentally  measured  gain  appears  to  be  limited  by  "beam  break¬ 
up"  due  to  spatial  nonuniformities  in  the  nonlinear  refractive  index  change,  that  are  the  result  of 
inhomogeneities  in  the  crystal.  Theoretical  predictions  based  on  our  experimental  data  indicate 
that  gain  in  excess  of  200  times  should  be  possible  in  Cr:YA103  if  a  homogeneous  crystal  can  be 
obtained.  Due  to  its  potential  for  such  high  gain,  Cr:YA103  is  a  very  promising  material  for 
applications  of  nonlinear  optics  in  areas  such  as  signal  processing,  making  it  clear  that  additional 
experimental  efforts  are  warranted  to  explore  nonlinear  response  in  solid-state  Kerr-like  media 
generally,  and  to  investigate  further  the  potential  advantages  of  materials  like  Cr:YA103  over 
photorefractive  crystals. 
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Undoped  barium  titanate  crystals  have  a  painfully  slow  photorefractive  response 
time  using  light  in  the  near  infrared,  which  has  discouraged  their  use  with  laser- 
diode  devices.  Recently,  Wechsler  et  ah  showed  that  adding  rhodium  oxide  to  the 
melt  produces  an  additional  peak,  centered  close  to  650  nm,  in  the  absorption  profile 
of  the  resulting  BaTiOs  crystals.^  This  additional  absorption  feature  gives  the 
crystals  a  blue-green  color,  and,  more  importantly,  it  extends  their  photorefractive 
response  into  the  near  infrared.  Earlier,  Ross  et  ah  observed  this  enhanced  infrared 
response  in  BaTi03  crystals  having  the  same  absorption  spectrum  and  observed  self- 
pumped  phase  conjugation  in  the  CAT  geometry  out  to  a  wavelength  of  at  least  1.06 
|im,  with  reflectivities  of  75%  in  the  near  infrared. ^  These  IR-enhanced  BaTiOs 
crystals  are  now  useful  for  photorefractive  device  applications  at  laser  diode 
wavelengths,  such  as  the  locking  and  beam  combining  of  high-power  diode  lasers, 
as  well  as  for  numerous  applications  using  Nd:YAG  lasers. 

We  have  measured  the  effective  trap  density,  the  number  of  active  trap 
levels,  the  sign  of  the  dominant  charge  carrier,  and  the  photorefractive  two-beam 
coupling  gain  of  four  rhodium-doped  crystals  of  BaTiOs,  all  grown  at  Hughes 
Research  Laboratories.  The  crystals  (labeled  304,  305,  306,  and  307)  appear  blue  to 
deep  blue-green,  and  were  grown  from  melts  containing  400,  800,  1600  and  3200 
parts  per  million  of  Rh02  respectively.  Electron  paramagnetic  resonance  (EPR) 
measurements  confirm  the  presence  of  Rh4+  centers  in  these  crystals. 

Induced  transparency /absorption  measurements 

We  cross  two  beams  from  an  argon-ion  laser  {X  =  488  nm)  in  a  BaTiOs  crystal. 
We  make  the  two  beams  mutually  incoherent  at  the  crystal  to  eliminate  any  electro¬ 
optic  or  absorption-grating  coupling.  We  measure  the  change  in  the  absorption  of 
the  weak  probe  beam  caused  by  the  presence  of  the  strong  pump  beam.  The  results 
for  sample  #304  are  shown  in  Eig.  1.  The  induced  absorption  (or  transparency  in 
this  sample)  is  caused  by  the  redistribution  of  mobile  charges  among  deep  and 
shallow  trapping  levels,  each  level  having  a  different  absorption  cross  section.  At 
low  intensities,  most  charges  are  in  deep  trapping  sites  so  the  absorption  of  this  deep 
level  dominates.  However,  higher  light  intensities  populate  the  shallow  trapping 
levels  and  this  changes  the  net  absorption.  Eor  a  single  deep  level  and  a  single 
shallow  level  (as  is  the  case  for  nominally  undoped  BaTi03),  one  sees  an  induced 
absorption  whose  strength  saturates  at  high  intensity.  However,  Eig.  1  shows  that  in 
Rh:BaTi03  #304  there  is  an  induced  transparency  that  first  increases  and  then 
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decreases  as  the  intensity  is  increased.  Such  behavior  requires  the  presence  of  at 
least  one  additional  trapping  level.  We  postulate  that  this  new  mid-level  is 
accessible  to  infrared  photons  and  so  provides  the  charge  reservoir  required  to 
generate  the  photorefractive  space-charge  field  at  longer  wavelengths. 


0.01  0.1  1  10 


2 

Intensity  (W/cm  ) 

Figure  1)  Light-induced  transparency  in  Rh:BaTi03  sample  #304,  as  a 
function  of  light  intensity  at  X  =  488  nm.  The  shape  of  the  data  suggests 
the  presence  of  at  least  three  active  trap  levels  in  this  crystal. 


Absorption  grating  measurements 

Absorption  gratings,  caused  by  the  difference  in  polarizability  of  empty  and 
full  trapping  sites,  can  couple  the  phase  and  the  amplitude  of  the  two  coherent  light 
beams. 3  The  complex  gain  coefficient  y  depends  on  the  grating  vector  kg  according 
to: 


A(kg/k,f  +  B 

l  +  {kglkof 


where  A  is  a  set  of  material  parameters,  B  is  an  offset  due  to  multiple  trap  levels, 
and  ko  =  (Neff  e^/feeg  kBT))^/^  is  the  Debye  screening  wavevector,  which  contains 
the  crystal's  effective  trap  density  Ngff.  We  measure  the  complex  gain  y  as  a 
function  of  kg  (effectively,  the  beam-crossing  angle).  (We  first  make  sure  to 
eliminate  all  electro-optic  coupling  by  carefully  choosing  the  directions  of  the  light 
beams'  polarizations  and  the  crystal's  c-axis.)  Fitting  our  data  to  Eq.  1  yields  the 
effective  trap  density  Ngff  at  the  wavelength  used.  Figure  2  shows  the  typical 
dependence  of  the  real  and  imaginary  parts  of  y  as  a  function  of  kg  for  sample  #304 
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at  the  wavelength  X  =  488  nm.  For  this  sample  at  this  wavelength  we  obtain  an 
effective  trap  density  of  6.2  x  10^6  cm -3,  which  is  comparable  to  the  trap  density  of 
nominally  undoped  BaTiOs.  We  repeat  these  measurements  at  a  number  of 
different  laser  wavelengths,  from  the  visible  to  the  near  infrared,  to  determine  how 
the  trap  density  Ngff  varies  with  laser  wavelength.  We  will  present  this  data  and 
additional  measurements  for  all  our  Rh-doped  crystals  to  show  how  the  level  of 
rhodium  concentration  affects  the  effective  trapping  density  and  other  material 
properties. 


Figure  2)  Absorption  grating  energy  and  phase  coupling  as  a  function 
of  the  grating  wavevector  kg.  The  lines  are  fits  to  Eq.  1.  The  inflection 
point  of  these  curves  occurs  at  kg  =  ko,  and  so  reveals  the  effective 
density  Neff  of  photorefractive  charges. 
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Cadmium  telluride  has  been  regarded  as  a  material  of  choice  for  many  envisioned 
photorefractive  applications  in  the  infrared  because  of  its  high  electrooptic  coefficient.  We 
recently  demonstrated^^^  high  beam-coupling  gains  in  CdTe:V  using  applied  electric  fields  (see 
Fig.  1).  The  prospects  of  using  this  gain  enhancement  mechanism  in  self-pumped  phase 
conjugators  and  the  experimental  demonstration of  the  theoretically  predicted  high  sensitivity 
of  the  photorefractive  process  in  CdTe:V  has  attracted  more  attention  towards  the  development 
and  the  optimization  of  the  photorefractive  properties  of  this  material.  Experience  has  shown 
that  vanadium  is  a  proper  dopant  that  results  in  both  high  resistivity  and  efficient 
photoconductive  and  photorefractive  responses  over  a  wide  wavelength  range  in  the  infrared. 
Further  development  of  this  material  requires  an  understanding  of  the  role  of  V  in  the 
photorefractive  process.  We  report  on  photorefractive  characterization,  optical  absorption, 
photo-luminescence  and  electron  paramagnetic  resonance  of  vanadium-doped  CdTe.  The  results 
of  these  experiments  outline  the  role  of  vanadium  in  the  photorefractive  process.  Contrary  to 
other  views  regarding  the  role  of  vanadium, this  study  establishes  that  V  is  substitutionally 
incorporated  on  cadmium  site  in  our  samples  and  is  a  so  called  “photorefractive  center”. 


Fig.  1)  Gain  coefficient  vs.  applied  field  for  various  fringe  spacings  (A)  using  a  square 
wave  at  230  kHz  and  a  beam  ratio  of  10^. 
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Fig.  2)  Combined  energy-level  band  diagram 
showing  internal  excitation  of  substitutional  V  in 
CdTe. 


Fig.  3)  Optical  absorption  spectrum  of  CdTe:V  at 
room  temperature.  The  position  of  the  crystal- 
field  transition  energies  at  80  K  are  indicated  by 
arrows. 


Theoretical  models  predict  that  vanadium  should  be  substitutionally  incorporated  at  the 
cation  site  (Cd  in  CdTe)  and  be  in  divalent  state.  The  combined  energy-level  diagram  of 
CdTe:V  in  Fig.  2  also  shows  the  crystal-field  excited  states  of  V2+  that  are  degenerate  with  the 
conduction  band.  The  absorption  through  these  internal  excitation  channels  can  result  in  a 
conduction  electron  through  self-ionization.  The  absorption  spectrum  of  CdTe:V  is  shown  in 
Fig.  3  where  the  energies  corresponding  to  the  internal  excitation  from  the  ^Ti  ground  state  to 
the  4A2,  and  ‘^Ti  excited  states  at  80  K  temperature  are  also  marked  as  reference.  Earlier 
studies  report  that  the  photoconductivity  spectrum  replicates  the  absorption  features  that  are 
assigned  to  internal  excitations.  This  indicates  the  emission  of  electrons  to  the  conduction  band 
through  self-ionization  and  makes  such  internal  excitations  useful  for  the  photorefractive  process. 
Photoluminescence  spectroscopy  of  our  photorefractive  CdTe:V  reveals  the  presence  of  a 
shallow  acceptor  at  ~0.1  eV  above  the  conduction  band.  We  suspect  that  this  level  plays  an 
important  role  in  the  charge  compensation  mechanism  and  the  partial  ionization  of  V2+  state. 

We  observed  the  electron  paramagnetic  resonance  of  V3+  ion  in  CdTe:V  at  low 
temperatures. The  isotropy  of  the  EPR  signal  confirms  the  substitutional  incorporation  of 
vanadium  in  the  lattice.  The  lack  of  detection  of  the  V2+  signal  by  conventional  EPR  techniques 
is  not  uncommon  in  semiconductors  and  it  is  believed  to  be  due  to  the  broadening  of  its  EPR 
spectrum  by  configurational  distortions. Furthermore,  photoexcitation  at  0.51  jam  and  1.3  p.m 
resulted  in  a  reduction  in  EPR  signal,  suggesting  a  depopulation  of  V3+  state.  This  clearly 
indicates  that  vanadium  is  optically  active.  Note  that  the  low  temperature  environment  of  the 
EPR  study  limits  the  direct  applicability  of  its  results  to  the  photorefractive  and  absorption 
processes  at  room  temperature  and  it  is  only  regarded  as  an  indication  of  the  presence,  the 
substitutional  incorporation  and  the  optical  activity  of  vanadium  in  CdTe. 

Photorefractive  properties  of  CdTe:V  at  1.3  and  1.5  |im  were  characterized  by  two-beam 
coupling.  The  data  suggest  little  or  no  electron-hole  competition  at  these  wavelengths.  The  sign 
of  the  photorefractive  carrier  was  determined  by  the  electrooptic  method  at  1 .06  p.m  to  be  that  of 
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electrons.  By  noting  that  the  direction  of  energy  transfer  in  two-beam  coupling  remains  the  same 
as  wavelength  is  changed  from  1.06  [im  to  1.32  |im  and  to  1.52  |im,  we  ascertain  that  electrons 
are  the  photorefractive  carriers  for  all  these  wavelengths.  The  findings,  along  with  the 
observation  of  the  absorption  features  in  the  1.3  |im  to  1.5}J.m  wavelengths  range  that  are  related 
to  internal  excitations  from  V2+  state,  suggest  that  photoionization  of  the  V2+  state  occurs  during 
the  photorefractive  process. 

The  characterization  of  two  adjacent  samples  from  the  CdTe:V  crystal  boule  reveals  that 
the  effective  trap  density  and  the  amplitude  of  the  absorption  features  vary  along  the  growth 
direction.  This  suggests  that  the  incorporation  of  vanadium  changes  along  the  growth  direction. 
The  twinning  problem  in  CdTe  and  the  size  requirements  for  device  applications  make  it 
necessary  to  grow  large  diameter  (1-2  cm)  crystals.  The  currently  available  CdTe:V  samples 
have  already  exhibited  a  fast  and  sensitive  response  that  surpasses  other  potential  photorefractive 
materials  in  IR  region.  However,  the  wide  scale  use  of  CdTe:V  as  a  reliable  photorefractive 
material,  we  believe,  requires  further  improvement  of  the  growth  process  and  a  continuation  of 
efforts  in  understanding  the  photorefractive  effect  in  this  material. 
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Photorefractive  crystals  play  an  increasingly  important  role  in  optical  information  processing  [1, 
2],  Some  of  these  crystals  have  been  used  in  a  variety  of  optical  computing  applications  [3],  The 
photorefractive  response  time  is  a  critical  issue  because  it  directly  determines  the  processing 
speed  of  the  devices.  Crystals  that  are  widely  used  at  present,  such  as  BaTi03,  LiNbOs,  and 
SBN,  etc.,  are  relatively  slow  when  the  light  intensity  is  lW/cm2.  Semiconductor  crystals  such  as 
GaAs  and  GaP  have  a  higher  speed  but  suffer  from  small  coupling  constants.  For  high  processing 
speed,  KNbOs  has  the  best  promise  because  it  has  the  highest  figure  of  merit  among  the  oxide 
photorefractive  crystals  [4].  Voit  et.  al  [5]  studied  the  photorefractive  response  time  of 
KNb03;Fe.  They  found  that  reduction  of  the  crystal  could  decrease  the  response  time  by  several 
orders  of  magnitude.  However,  such  KNb03  crystals  often  become  optically  inhomogeneous 
after  reduction  [6].  In  this  paper,  we  report  our  investigation  of  the  transient  photorefractive 
response  of  KNb03;Rb+  crystals,  which  exhibit  a  fast  response  time  while  maintaining  a 
significant  gain  and  good  optical  homogeneity  for  information  processing  applications. 

Our  sample  is  grown  by  an  improved  top  seeded  solution  growth  (TSSG)  method.  By  virtue  of 
the  fact  that  Rb'*’  is  of  valence  +1,  the  crystal  does  not  go  through  a  reduction  treatment,  and 
hence  no  space  inhomogeneities  occur.  The  crystal  dimensions  are  5.97  x  5.79  x  5.83  (a  x  b  x  c) 
mm^,  and  the  doping  level  of  Rb'*'  is  28.9  ppm.  Figure  1  depicts  our  experimental  setup  to 
measure  the  response  time  of  the  index  gratings.  A  beam  (514.5  nm)  from  an  Ar3+  laser  is 

directed  through  a  half  wave  plate  (KH)  and  split  by  a  polarization  beam  splitter  (PBSl)  to 
generate  horizontally  and  vertically  polarized  beams.  The  vertically  polarized  beam  is  focused 
and  re-expanded  by  lenses  LI  and  L2.  An  acousto-optical  modulator  is  placed  near  the  focal 
plane  of  lenses  LI  and  L2  to  modulate  the  beam.  The  rise  time  of  the  modulated  beam  is  less 

than  50|is  when  the  modulation  period  is  100  ms.  This  modulated  beam  is  then  split  by  a 
standard  50/50  beam  splitter  (BS)  to  form  the  writing  beam  pair,  W1  and  W2.  W2  is  directly 
incident  into  the  crystal,  while  W1  is  directed  through  another  polarizing  beam  splitter  (PBS2) 
and  reflected  toward  the  crystal  surface.  The  two  write  beams  are  incident  symmetrically  in  the 
b-c  plane  of  the  crystal.  The  sizes  of  the  writing  beams  are  estimated  to  be  2  mm  in  diameter. 
The  horizontally  polarized  read  beam  (Re)  exiting  PBSl  enters  the  crystal  from  the  back, 
counter-propagating  W2.  Because  of  the  difference  in  the  polarization  states  and  frequency.  Re 
does  not  interfere  with  W1  or  W2.  The  read  beam's  diffracted  signal  counter-propagates  Wl, 
passing  through  PBS2  to  reach  detector  Dl.  A  neutral  density  filter  (NDF)  is  used  to  keep  the 
intensity  of  Re  much  smaller  than  that  of  Wl  and  W2.  In  such  a  configuration,  the  noise  from 
scattered  and  surface  reflections  of  Wl  and  W2  is  minimized.  The  detected  signal  is  then 
directed  to  a  digital  oscilloscope  to  be  stored  and  analyzed. 

A  typical  wave  form  of  the  diffraction  response  is  shown  in  Fig.  2.  The  wave  form  suggests  two 
time  constants.  The  net  index  modulation  as  a  function  of  time  for  such  a  case  can  be  given  by; 

An  =  An^[ci/|(0  +  C2/2(0]  (1) 

where  An^  is  the  saturation  index  modulation,  fi(t)  and  f2(t)  are  the  exponential  time 
dependencies  of  the  index  change  of  the  two  species,  respectively,  and  the  constants  ci  and  C2  are 
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the  weights  for  the  contributions  of  each  specie.  Assuming  a  small  argument,  the  diffraction 
efficiency  from  such  an  index  grating  can  be  written  as  [7]: 

ri  oc  sin^  (InAn  /  A  cos  6)  ~{lnl  X  cos  0)^  •  (An)^  (2) 

Least- squares  curve  fits  can  be  performed  to  match  the  wave  forms  from  Fig.  2  with  Eq.  (1)  and 
(2).  For  grating  growth,  this  gives: 

71  =  77,[q(l  +  C2(l  - e-'  ^  ^2  )]2  (3) 

and  for  grating  decay,  it  gives: 

r7  =  r7,(cie~'^^i'  (4) 

where  qs  is  the  saturation  diffraction  efficiency,  Xi  and  X2are  the  two  grating  growth  time 
constants,  and  Xi'  and  X2'  are  the  two  grating  decay  time  constants. 


Figure  1.  Experimental  setup  to  measure  the  rise  and  Figure  2.  A  typical  waveform  of  the  rise  and  fall  of 
fall  times  of  the  diffraction  gratings.  diffraction  gratings.  Circular  dots  -  waveform  data;  solid 

hne  -  fitted  curve,  assuming  two  rise/fall  time  constants. 

We  record  the  wave  forms  of  the  diffraction  signals  under  different  writing  beam  intensities  and 
calculate  the  portions  ci  and  C2,  as  well  as  the  time  constants  Xi,  X2  ,  Xi'  andX2'  using  a  least- 
squares  scheme.  ci  consistently  lies  between  60%  and  80%,  and  C2  between  20%  and  40%.  The 
dependence  of  1/xi  on  the  total  light  intensity  is  presented  in  Fig.  3,  where  we  see  a  close  to 
linear  relation,  which  agrees  with  the  relaxation  approximation  [8].  We  also  study  the 

dependence  of  the  rise  time  x\  on  the  grating  spacing.  According  to  Ref.  [1],  the  rise  time  of  the 
grating  buildup  has  the  following  relationship  with  the  grating  wave  vector  K: 

x{K)  =  To[l  +  {K  /  Kdf]  l[\  +  {KI  (5) 

where  is  Kp  the  Debye  wave  number,  and  is  the  mean  free  drift  length  of  the  charge 

carriers  in  the  crystal.  We  vary  the  angle  between  the  writing  beams  to  measure  Xi,  and  plot  1/xi 
vs.  K2  ([47tsin0/A]2,  where  X  is  the  wavelength  of  the  laser).  The  results  are  presented  in  Fig.  4. 
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A  nearly-linear  relationship  is  found,  which  suggests  the  average  drift  length  (K(j'l)  is  much 
smaller  than  l}am,  hence  the  dependence  of  the  denominator  in  (5)  on  is  very  weak.  From  the 

slope  of  this  figure,  we  found  the  Debye  wave  number  in  the  crystal  to  be  5.7  p,m'l.  Compared 
with  the  theoretical  limit  given  by  Ref  [4],  the  response  time  in  this  study  is  still  more  than  one 
order  of  magnitude  larger.  Reeves  et.  al  [9]  have  investigated  the  coupling  constant  and  transient 
response  of  KNb03;Rb'*'.  In  the  same  range  of  light  intensity,  our  results  have  a  speed  two  orders 
of  magnitude  higher  than  this  previous  result.  Differences  in  the  experimental  settings 
(polarization  states,  crystal  orientation,  and  doping  level)  in  the  two  studies  are  likely  the  causes 
of  the  different  results. 


Figure  3.  1/xi  vs.  the  total  intensity  of  the  writing  beams  Figure  4,  \lz\  vs.  the  square  of  the  grating  wave  vector 
(I1+I2).  K.  From  this  curve  the  Debye  wave  number  of  the 

charge  carrier  is  estimated,  see  text. 

In  summary,  we  have  investigated  the  response  time  of  the  index  gratings  in  KNb03:Rb+ 
crystals.  Two  charge  carrier  components  appear  to  contribute  to  the  index  grating  formation.  A 
sub-millisecond  rise  time  of  the  larger  component  (60-80%)  is  obtained  at  an  intensity  of 
5W/cm2.  Our  results  indicate  a  significant  improvement  in  the  response  speed  over  the 
previously  measured  results.  This  work  is  supported  by  Air  Force  Office  of  Scientific  Research. 
D.  Shen,  X.  Ma  and  J.  Chen  acknowledge  the  support  of  an  863  program  of  China.  Pochi  Yeh  is 
also  a  principal  technical  advisor  at  Rockwell  International  Science  Center,  Thousand  Oaks, 
Cahfomia. 
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Summary 

The  existence  of  photorefractive  (PR)  spatial  solitons  has  been  predicted 
by  us  some  two  years  ago(L2).  xhe  self-trapping  effects  occur  when 

diffraction  is  exactly  balanced  by  self-scattering  (two-wave  mixing)  of  the 
spatial  (plane  wave)  components  of  the  soliton  beam.  These 
photorefractive  spatial  solitons  were  observed  by  us  recently(3). 

Here  we  present  an  experimental  and  theoretical  study  of  the  properties 
of  the  photorefractive  soliton.  The  major  predictions  are:  (i)  independence 
of  the  soliton  formation  of  absolute  optical  intensity  or  power,  (ii)  existence 
in  a  relatively  narrow  range  of  external  voltages,  the  value  of  which 

depends  on  the  material  properties,  (iii)  the  soliton  size  may  vary 
significantly  with  no  change  in  the  applied  voltage,  (iv)  the  transverse 
phase  of  the  soliton  is  always  uniform  and  (v)  the  PR  soliton  may  be 
extinguished  by  either  reversing  the  polarity  of  the  voltage  or  by  uniform 
background  illumination.  Our  experimental  results  quantitatively  verify  all 

of  these  predictions.  For  example,  we  show  in  Figs.  1  and  2  a  PR  soliton 
with  diameters  of  33  and  77  micrometers,  respectively,  in  a  6  mm  long 
SBN  crystal,  with  a  fixed  DC,  externally  applied,  electric  field  of  400  V/cm. 

A  top-view  camera  picture  of  the  observation  of  a  PR  soliton  is  shown  in 
Fig.  3  (top)  and,  for  comparison,  natural  diffraction  (bottom).  The  solitons 
evolve  from  arbitrary  input  intensity  and  phase  profiles.  The  final 

(solitary)  waveforms,  however,  are  always  smooth,  regardless  of  material 
inhomogeneities,  and  the  transverse  phase  is  always  "flat". 
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We  present  a  theoretical  proof  that  the  PR  soliton  is  stable  for  small 
perturbations,  and  breaks  up  only  when  the  perturbation  in  the  soliton 
wave-function  in  on  the  order  of  the  soliton  size.  Experimental 

demonstrations  of  the  soliton  stability,  its  ability  to  propagate  through 

material  inhomogeneities  and  growth  striations  are  shown  in  the  lower 
section  of  Fig.  4.  The  ripples  in  the  diffracted  waveforms  (no  voltage  case) 
indicate  on  the  small  index  perturbations.  The  soliton  waveform  cross- 
sections  (200  Volts  case)  are  smooth  and  unperturbed.  By  varying  the 

location  of  the  input  beam  we  estimate  the  size  of  this  small  perturbation 
to  be  roughly  =3  |im  wide,  which  corresponds  to  one  tenth  of  the  soliton 
cross-section  (FWHM  =30  pm).  On  the  other  hand,  the  upper  section  of  Fig. 
4  shows  the  break-up  in  regions  of  very  large  index  variations  (for 
example,  scratches  on  the  crystal  surface).  The  diffracted  waveforms  (no 
voltage  case)  are  now  significantly  broader  and  more  perturbed.  In  this 

case  the  external  voltage  (200  volts  case)  cannot  transform  into  the 
appropriate  trapping  space  charge  field.  Instead,  it  splits  the  beam  into 
two  filaments,  each  trying  to  form  its  own  non-diffracting  beam  but  failing 
to  do  so  due  to  their  mutual,  transversely  irregular  interaction  (this 
experiment  is  also  a  good  indication  that  soliton  beams  which  are 
sufficiently  close  to  each  other  do  interact).  We  estimate  the  size  and 
dimensionality  of  the  index  perturbation  which  destroys  the  soliton  by 
varying  the  location  of  the  input  beam  and  scanning  it  in  both  transverse 
directions.  The  horizontal  direction  over  which  a  soliton  is  not  able  to  form 
is  roughly  «10  pm  wide,  which  corresponds  to  one  third  of  the  soliton  size 
(cross-section). 

Finally,  we  experimentally  find  that  unlike  the  well-known  Kerr  solitons, 
which  are  stable  only  in  a  single  transverse  dimension,  the  PR  solitons  are 
observed  to  be  stable  in  both  transverse  dimensions(^).  This  observation 
drove  us  to  analyze  the  general  case  of  a  2-transverse-dimensional  PR 
soliton.  We  will  discuss  these  2-D  self-trapping  effects,  the  origins  of  the 
different  sizes  of  the  transverse  cross-sections,  and  potential  applications. 

(1)  M.  Segev,  B.  Crosignani,  A.  Yariv  and  B.  Fischer,  "Spatial  solitons  in 
photorefractive  media",  Phys.  Rev.  Lett.  923  (1992). 

(2)  B.  Crosignani,  M.  Segev,  D.  Engin,  P.  DiPorto,  A.  Yariv  and  G.  Salamo, 
"  Self -trapping  of  optical  beams  in  photorefractive  media"  JOS  A  B  10.  446 
(1993). 

(3)  G.  C.  Duree,  J.  L.  Shultz,  G.  J.  Salamo,  M.  Segev,  A.  Yariv,  B.  Crosignani,  P. 
DiPorto,  E.  J.  Sharp  and  R^  Neurgaonkar,  "Observation  of  self-trapping  of  an 
optical  beam  due  to  the  photorefractive  effect",  Phys.  Rev.  Lett.  71.  533 
(1993). 
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Fig.  2:  Input  and  output  profiles  of  a 
77  yum  PR  soliton  in  a  6  mm  long 
SEN  crystal  at  400  V/cm. 


Fig.  1:  Input  and  output  profiles  of  a 
33  PR  soliton  in  a  6  mm  long 
SEN  crystal  at  400  V/cm. 
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Fig.  4:  Input  and  output  profiles  of  a 
diffracted  and  self-trapped  beam  in  a 
6  mm  long  SEN  in  the  presence  of 
large  (upper)  and  small  (lower)  index 
perturbations.  The  waveforms  are 
normalized  to  their  maximal 
amplitudes. 


A  top-view  photograph  of  a 
photorefractive  spatial 
soliton  (above)  and  a 
normally-diffracting  beam — 
no  soliton  (below). 
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Dark  spatial  solitons^  have  recently  been  the  subject  of  intense  theoretical  and 
experimental  study  because  of  their  potential  in  all-optical  switching.  The  possibility  of 
creating  stable  light-controllable  waveguides  which  can  be  used  to  propagate  signal 
carrying  beams  has  been  explored  in  the  case  of  2D  dark  solitons^.  An  extension  of  this 
concept  of  guiding  light  by  light  to  3D  could  allow  reconfigurable  "optical  fibres"  to  be 
written  in  bulk  media.  However,  in  the  3D  geometry  only  "black"  solitons  exist^, 
preventing  the  use  of  the  soliton  phase,  as  in  the  2D  case,  to  control  the  soliton  direction 
and  hence  that  of  the  induced  waveguides.  Thus,  in  the  3D  geometry  a  different  means 
of  reconfiguring  the  soliton  induced  waveguides  is  required. 

Here  we  demonstrate  non-linearity  induced  rotation  of  3D  dark  solitons  at  the 
output  of  a  non-linear  medium.  By  changing  the  beam  intensity  (or  the  material  non¬ 
linearity)  a  3D  soliton  embedded  off-axis  in  a  Gaussian  beam  can  be  made  to  rotate 
around  that  axis  by  up  to  90°.  The  induced  waveguide  therefore  links  a  single  input  port 
to  an  array  of  output  ports  in  a  geometry  akin  to  a  rotary  switch. 

In  our  experiments  the  non-linear  medium  was  Rubidium  vapour  irradiated  with 
a  CW  Ti:sapphire  laser  (P  ~0.4W,  Av  ~100MHz,  X  ~780nm)  tuned  near  to  the  D2 
resonance  line.  In  the  presence  of  relatively  large  Doppler  broadening  (=0.75  GHz)  and 
low  vapour  pressure,  it  was  experimentally  confirmed  that  this  line  could  be  treated  as 
single  separate  resonance  for  detunings  up  to  IGHz.  This  allowed  us  to  employ  the 
model  of  the  two-level  atom  to  estimate  the  nonlinearity  and  absorption  of  the  medium. 
The  values  of  02  and  y  were  typically  -LSKlO'^^cm^/W  and  -0.03cm'l  respectively. 

Computer-generated  holograms  were  used  to  generate  single  or  multiple  screw 
dislocations  (optical  vortices)  nested  in  the  Gaussian  laser  beam^.  When  the  beam 
propagated  through  the  self-defocussing  Rubidium  vapour  the  vortices  transformed  into 
3D  dark  spatial  solitons  5.  In  a  linear  medium  the  position  of  a  vortex  relative  to  the 
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beam  axis  changes  with  propagation  distance:  the  vortex  rotating  around  the  axis  by  90° 
between  the  beam  waist  and  infinity.  The  rotation  is  due  to  the  difference  in  the  phase 
evolution  of  the  vortex  in  comparison  with  the  Gaussian  beam  in  which  is  it  embedded. 
As  a  result  the  vortex  moves  around  the  axis  by  an  amount  exactly  equalling  the  Guoy 
shifts  -arctan[zlzR]  where  zr  is  the  Rayleigh  length  of  the  beam.  This  has  recently 
been  confirmed  experimentally^. 

The  origin  of  the  non-linearity  induced  rotation  has  thus  a  transparent  origin. 
The  defocussing  medium  flattens  the  phase  fronts  of  the  Gaussian  beam  increasing  zr 
and  thus  decreasing  the  amount  of  vortex  rotation  that  occurs  over  a  given  propagation 
distance.  By  careful  choice  of  the  initial  focussing  conditions  of  the  Gaussian  beam  so 
that  ZR  is  considerably  shorter  than  the  length  of  the  non-linear  medium,  large  non¬ 
linearity  induced  rotations  can  be  obtained.  As  example  is  given  in  figure  1  which 
shows  the  evolution  of  vortex  position  at  the  output  of  the  Rb  cell  as  a  function  of  laser 
power.  Up  to  90°  rotation  was  observed.  The  rotational  behaviour  proved  in  excellent 
agreement  with  theoretical  models. 

This  talk  will  provide  details  of  the  theory  and  experiments  on  3D  soliton 
rotation. 
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FIGURE  CAPTION:  Demonstration  of  clockwise  rotation  of  a  pair  of  off-axis  3D 
solitons  after  propagation  through  the  20cm  long  Rb  vapour  cell.  The  Rb  concentration 
was  0.6x10 l^cm'^,  laser  detuning  from  Rb  5S-5P3/2(F=2-F=3)  resonance  -0.75GHz, 
input  beam  intensities  in  W/cm^  were:  (a)  0.058;  (b)  0.074;  (c)  0.12;  (d)  0.15;  (e)  0.19; 
(f)  0.25;  (g)  0.39;  (h)  0.49. 
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Light  interference  patterns  can  photoexcite  mobile  charge  and  generate  periodic  space 
charge  fields  with  periods  of  typically  0.1  to  100  microns  in  photorefractive  crystals.  The  space 
charge  field  attains  values  of  0.1  to  1  kV  cm-'  in  ferroelectrics  such  as  Sr75Ba25Nb206  (SBN:75). 
A  fundamental  question  is  whether  these  periodic  space  charge  fields  can  spatially  modulate  the 
ferroelectric  polarization  in  materials  which  possess  a  coercive  field  of  the  order  of  the  space  charge 
field.  We  present  experimental  evidence  demonstrating  that  this  is  indeed  the  case  in  SBN:75.  We 
observe  dynamic  domain  gratings,  which  form  simultaneously  with  the  build  up  of  the  space 
charge  field,  and  remnant  domain  gratings,  which  persist  long  after  the  space  charge  field 
disappears. 

One  application  of  these  optically  induced  polarization  gratings  is  quasi-phase  matching 
(QPM)  of  a  second  harmonic  process,  a  technique  to  compensate  for  the  phase  mismatch  of  the 
fundamental  and  second  harmonic  beams'’^.  This  is  typically  implemented  by  modulating  the 
spontaneous  polarization  and  as  a  consequence  modulating  the  nonlinear  coefficients.  We 
experimentally  demonstrate  tunable  QPM  using  dynamic  as  well  as  remnant  domain  gratings  with 
periods  equal  to  twice  the  coherence  length  of  the  second  harmonic  process.  The  origin  of  this 
technique  lies  in  our  recent  demonstration  that  spatially  periodic,  photoinduced  space  charge  fields 
alone  can  modulate  the  polarization  of  the  crystal  and  generate  permanent  ferroelectric  domain 
gratings  in  SBN:75  (Refs. 3-5).  This  all-optical  technique  achieves  nearly  instantaneously  what 
would  normally  require  complex  and  lengthy  growth  and  materials  processing  and  has  the  potential 
of  achieving  as  large  a  second  harmonic  conversion  efficiency  as  more  mature  technologies. 
Furthermore,  this  technique  is  of  fundamental  interest  because  light  interference  patterns 
dynamically  modify  the  position  of  ions  within  the  crystalline  unit  cell  to  tailor  the  optical, 
electronic,  and  acoustic  properties  of  the  crystal. 

In  our  experiments  we  exploit  the  dynamic  nature  of  these  domain  gratings  to  perform 
tunable  QPM.  The  QPM  spectral  response  peak  can  be  shifted  across  the  entire  tuning  range  of  the 
second  harmonic,  from  440  to  495  nm,  by  writing  gratings  with  periods  ranging  from  3.7  to  3.0 
microns.  Figure  2a  illustrates  a  typical  QPM  peak  centered  on  457.25  nm.  We  predict  a  full  width 
at  half  maxima  (FWHM)  of  0.2  nm  for  an  interaction  length  of  4.25  mm,  in  close  agreement  with 
the  measured  FWHM  of  0.175  nm  from  figure  2a.  This  confirms  the  uniformity  of  the  grating 
throughout  the  entire  volume  of  the  crystal,  an  inherent  advantage  of  this  technique. 
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Figure  1:  Experimental  Setup 

The  ability  to  map  optical  intensity  patterns  into  polarization  orientations  lends  great 
flexibility  and  control  in  tailoring  the  domain  periodicity.  Figure  2b  is  a  tuning  cui've  obtained  after 
sequentially  recording  four  gratings  within  the  same  volume.  The  strongest  enhancement  peak  is 
due  to  the  fourth  and  final  grating  recorded  (and  in  the  presence  of  its  writing  beams).  It  is 
apparent  that  the  spectral  response  is  tailored  by  writing  several  gratings  (either  simultaneously  or 
sequentially)  with  different  periods.  This  figure  also  indicates  that  an  enhancement  of  more  than  a 
factor  of  15  above  the  non-phase  matched  second  harmonic  power  can  been  achieved.  While  the 
conversion  efficiencies  are  yet  a  modest  0.01%  at  250  W  peak  powers,  we  believe  they  can  be 
significantly  improved  as  the  method  is  optimized.  One  method  to  increase  the  enhancement  is  to 
use  higher  intensity  writing  beams,  which  increases  the  polarization  modulation.  In  the  results 
presented  here,  we  are  limited  to  writing  intensities  at  or  below  1  W  cm-2. 


Figure  3a  illustrates  tim.e  evolution  of  the 


Second  Harmonic  Wavelength  Scan  (nm) 

Figure  2b:  QPM  tuning  curve  after  writing  4 
gratings 

second  harmonic  before,  during,  and  after  writing 
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a  domain  grating.  During  the  first  60  seconds  the  only  the  fundamental  beam  is  entering  the 
crystal,  producing  a  second  harmonic  power  of  the  order  of  the  expected  non-phase  matched 
contribution.  Upon  illuminating  the  entire  crystal  with  an  optical  standing  wave  of  peak  intensity 
of  1  W  cm-2,  the  phase  matched  polarization  grating  is  generated,  as  evidenced  by  the  increase  in 
second  harmonic  power.  The  transients  in  the  second  harmonic  enhancement  are  due  to 
instabilities  in  phase  of  the  optical  interference  pattern  from  vibration,  air  currents  and  temperature 
changes.  The  crystal  is  uniformly  illuminated  after  145  seconds,  erasing  the  space  charge  field  and 
the  dynamic  domain  grating.  The  buildup  time  constant  of  the  QPM  peak  is  approximately 
inversely  proportional  to  intensity  and  is  consistent  with  the  photorefractive  grating  buildup  times 
for  SBN:75.  At  1  W  cm'2  the  buildup  time  is  0.5  seconds,  and  at  0.33  W  cm'2  it  is  1.5  seconds. 
The  second  harmonic  beam  exits  the  crystal  in  a  well  collimated,  TEMqo  mode,  as  depicted  in 
figure  3b.  The  rapid  enhancement  of  the  second  harmonic  power  while  recording  the  volume 
hologram  confirms  the  presence  of  dynamic  domain  gratings  in  addition  to  the  more  typical 
remnant  domain  grating  given  by  A  in  figure  3a.  A  is  a  measure  of  the  polarization  hysteresis  upon 
removal  of  the  space  charge  field.  This  hysteresis  is  increased  by  increasing  the  writing  beam 
exposure^,  applying  a  short  exposure  technique  or  freezing-in  the  grating  upon  cooling. 


Time  (sec) 

Figure  3a:  Time  response  of  buildup  and  decay  Figure  3b:  Second  harmonic  far  field 

of  QPM  spectral  response  peak.  ntensity  profde  (TEMoomode,  angular 

divergence  of  the  order  of  1  mrad). 


In  conclusion,  we  have  presented  a  technique  to  optically  modulate  the  ferroelectric 
polarization  on  the  scale  of  an  optical  wavelength  in  the  context  of  second  harmonic  generation 
studies  in  SBN:75. 
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Interrogation  of  the  Lattice  Vibrations  of  Liquids  with  Femtosecond 
Raman-Induced  Kerr  Effect  Spectroscopy 

Dale  McMorrow,  Napoleon  Thantu,  and  Joseph  S.  Melinger 
Naval  Research  Laboratory,  Code  6613,  Washington,  D.C.  20375  (202)  767-3939 

William  T.  Lotshaw  and  P.  Randall  Staver 

G.E.  Research,  Rm.  KWC  627,  1  River  Road,  Schenectady,  NY  12309  (518)  387-5163 

The  issue  of  local  order  in  molecular  liquids,  emd  the  influence  of  such  order  on 
molecular  dynamics  and  dielectric  relaxations  in  liquids  and  solutions,  is  a  topic  of  sub¬ 
stantial  importance  to  theoretical  representations  of  the  liquid  state  and  interpretations 
of  solvent  effects  in  solute  relaocations  amd  chemical  reactivity  in  solutions.  In  this  report 
we  present  the  results  of  new  studies  of  intermolecular  interactions  and  dynamics  in  the 
liquid  state,  which  interrogate  the  intermolecular  vibrational  modes  of  the  local  struc¬ 
ture  of  liquids  at  constant  temperature  and  pressure.  Previously  [1]  we  have  utilized 
time  and  frequency  domain  analyses  of  the  optical  heterodyne  detected  optical  Kerr 
effect  (OHD  OKE)  to  examine  the  complicate  vibrational  and  Brownian  motions  of 
molecules  in  pure  liquids,  and  identified  the  intermolecular  origin  of  the  low-frequency 
Raman  band  in  organic  liquids  (which  is  typically  centered  between  10  and  100  cm"'). 
These  bands  have  been  attributed  to  Raman-active  restricted  orientational  motions,  or 
librations,  in  non-associated  molecular  liquids,  and  exhibit  widths  in  the  range  of  20  to 
100  cm"'. 

In  this  paper  we  address  the  question  of  local  order  in  molecular  liquids  by 
investigating  the  intermolecular  dynamics  and  spectra  of  a  series  of  dilutions  of  benzene 
in  carbon  tetrachloride  (CCI4)  and  methylcyclohexane.  Benzene  is  a  simple,  non¬ 
hydrogen-bonding  aromatic  liquid,  and  may  be  considered  representative  of  this  class  of 
liquids.  Previous  work  [2]  revealed  a  distinct  bimodal  structure  in  the  non-diffusive  part 
of  the  intermolecular  Raman  spectrum  (fig.  3,  vide  infra).  Based  on  symmetry  considera¬ 
tions,  it  was  suggested  that  the  low-frequency  portion  of  this  bimodal  spectrum  might 
be  associated  with  locally  ordered  structures  (dimers  or  other  aggregates)  in  the  bulk 
liquid.  The  results  of  the  current  study  support  this  interpretation,  cind  provide  direct 
evidence  for  loccdly-ordered  structures  in  ciromatic  liquids. 

Experiments  were  performed  using  a  synchronously  pumped  continuously  tunable 
Ti:Sapphire  laser  that  generates  <40  fs  pulses  at  average  powers  >0.5  W.  OHD  OKE 
transients  were  measured  as  described  elsewhere  [1],  except  that  the  pure  heterodyne 
signals  were  isolated  for  the  data  analysis  [3].  OHD  serves  to  linearize  the  detected 
signal  in  both  the  pump  and  probe  pulse  intensities,  permitting  application  of  powerful 
discrete  Fourier-transform  (FT)  data  analysis  procedures  [1]. 

Figure  1  shows  the  OHD  OKE  transient  measured  for  9.1%  benzene  in  CCI4.  The 
purely  electronic  hyperf>olarizability  dominates  the  response  near  r  =  0,  with  significant 
contributions  from  both  benzene  and  CCI4  present  at  positive  delays.  The  prominent 
oscillations  are  due  to  the  tntramoleculax  vibrational  Raman  modes  of  CCI4  at  217  and 
314  cm"'.  Analysis  of  this  very  complex  transient  is  facilitated  by  the  use  of  Fourier 
transform  methods,  which  are  descril^d  in  detail  elsewhere  [1].  The  frequency  resp>onse 
function  of  the  OKE  transient  of  fig.  1,  deconvoluted  from  effects  of  the  finite-duration 
excitation  and  probing  pulses,  is  shown  in  fig.  2.  The  intramolecular  Raman  modes 
noted  above,  and  a  broad  low-frequency  band  that  is  associated  with  the  mtermolecular 
dynamics  of  the  liquid  axe  evident. 

The  data  of  figs.  1  and  2  contain  several  overlapping  contributions  that  must  be 
separated  before  a  detailed  interpretion  of  the  intermoleciilar  dynamics  is  possible.  Since 
we  are  interested  in  the  intermolecular  vibrational  part  of  the  response,  the  Brownian 
relaxations  due  to  diffusive  reorientation  are  removed  using  a  tail-matching  procedure 
that  has  been  discussed  previously  [1].  For  the  9.1%  benzene  solution  contributions  from 
both  solvents  can  be  significant.  A  reason  for  choosing  CCI4  as  a  solvent  is  the  presence 
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Figure  1.  Femtosecond  OHD  OKE  transient  Figure  2.  Spectral-density  representation  of 

measured  for  a  9.1%  solution  of  benzene  in  the  OHD  OKE  data  of  fig.  1. 

carbon  tetrachloride. 

of  strong  intramolecular  resonances  that  serve  as  an  internal  standard  for  removing  the 
CCI4  contribution  from  the  intermolecular  part  of  the  spectrum  (Aw  <165  cm  ^).  This 
operation  relies  on  the  principle  of  linear  superposition  in  the  response  function  and 
requires  the  assumption  that  the  intermolecular  vibrational  spectrum  of  CCI4  is  not 
changed  significantly  in  the  9.1%  benzene  solution.  This  assumption  is  reasonable,  and 
is  supported  by  the  unaltered  lineshape  of  the  intramolecular  resonances  on  dilution. 

The  upper  curve  of  fig.  3  shows  the  vibrational  Raman  pcirt  of  the  benzene  OHD 
OKE  deduced  from  the  FT  analysis.  The  shape  of  this  spectrum  is  the  focus  of  this 
study.  Previously  we  had  attributed  this  lineshape  to  a  bimodal  vibrational  response  in 
which,  based  on  the  symmetry  of  the  isolated  molecule,  the  low  frequency  part  was 
attributed  to  dimers  or  higher  aggregates,  and  the  high-frequency  part  was  attributed  to 
nonaggregated  molecules  [2].  Dilution  of  benzene  in  CCI4  is  expected  to  reduce  the 
number  density  of  any  aggregate  structures,  resulting  in  a  decrease  in  the  low-frequency 
amplitude  of  the  vibrational  spectrum.  The  lower  curve  of  fig.  3  shows  the  vibrationeil 
Reiman  part  of  the  9.1%  benzene/CCl4  solution  with  the  CCI4  contribution  subtracted 
off  as  described  in  the  previous  paragraph.  The  significant  decreeise  in  low-frequency 
amplitude  of  the  9.1%  spectrum  supports  the  dimer /aggregate  interpretation  of  the  neat 
benzene  spectrum. 

Figure  4  shows  the  time  domain  representation  of  the  spectra  of  fig.  2.  The  short 
time  portions  (<250  fs)  of  the  two  tr2insients  eire  very  nearly  identical,  suggesting  that 


Figure  3.  Vibrational  part  of  the  intermolecul^u 
Raman  spectrum  for  neat  benzene  (upper)  and 
the  benzene  contribution  to  the  9.1%  solution  of 
benzene  in  carbon  tetrachloride  (lower) 
illustrating  the  rather  significant  spectral 
evolution  that  occurs  on  dilution. 


Frequency,  cm"^ 
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the  higher-frequency  single-molecule  librational  degrees  of  freedom  for  benzene  are  not 
significantly  altered  in  the  predominately  CCI4  environment.  Significant  deviations 
between  the  two  transients  occur,  however,  for  delays  greater  than  250  fs,  with  the 
longer  time  contributions  significantly  diminished  in  the  9.1%  solution.  These  longer- 
time  relaxations,  which  exhibit  a  1/e  time  constant  of  450  fs  in  neat  benzene  [2],  can  be 
identified  with  the  dynamics  of  dimer/aggregate  structures. 


Figure  4.  Vibrational  part  of  the 
intermolecular  OHD  OKE  transient  for 
neat  benzene  and  the  9.1%  solution  of 
benzene  in  carbon  tetrachloride. 


The  changes  we  observe  in  the  intermolecular  Raman  spectrum  of  benzene  occur 
at  frequencies  less  than  ~50  cm“\  and  «ure  difficult  to  address  by  spontaneous  light 
scattering  due  to  elastic  scattering  and  background  problems.  The  femtosecond  OHD 
OKE  methods  are  ideally  suited  to  the  ^ln^dyses  presented  here  because  the  attributes 
of:  i)  background  supression  and  phase  sensitive  signal  detection  permit  isolation  of  the 
spectroscopic  signal  of  interest;  ii)  high  sensitivity  and  signal-to-noise  ratio  result  in  the 
precise  characterization  of  the  picosecond  Brownian  dynamics;  and  m)  a  wide  dynamic 
range  and  order  reduction  in  the  nonlinetir  response  function  p>ermit  a  highly  accurate 
discreet  FT  analysis  of  the  more  complicated  elements  in  the  measured  transients. 

In  addition  to  the  data  presented  here,  a  complete  dilution  series  has  been 
performed  for  methylcyclohexane  solvent  (which  exhibits  different  intermolecular  with 
benzene).  At  the  conference  we  will  address  the  general  utility  of  femtosecond  Raman 
methods  for  interrogating  the  microscopic  molecular  environment  of  liquids  using  the 
benzene/CCl4  system  as  an  example.  Also,  temperature-dependent  measurements  are  in 
progress,  and  will  be  reported. 
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Squeezing  with  Fiber  Sagnac  Loop  and  Sub-Shot-Noise  Measurement 

H.  A.  Haus,  K.  Bergman,  L.  Boivin,  M.  Shirasaki,  and  E.  P.  Ippen 

Department  of  Electrical  Engineering  and  Computer  Science  and 
Research  Laboratory  of  Electronics,  Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139  USA 


Squeezed  states  of  light  are  minimum  uncertainty  states  for  which  the  mean  square 
fluctuations  in  phase  and  in  quadrature  with  respect  to  a  reference  signal  are  unequal. 
Among  other  interesting  properties,  they  provide  improved  sensitivity  of  optical  interfer¬ 
ometric  phase  measurements.  To  understand  this  potential,  one  must  note  that  quantum 
theory  imposes  measurement  uncertainty  only  on  a  pair  of  noncommuting  variables;  the 
measurement  of  any  one  quantum  observable  could  be  done  with  no  uncertainty. 

Engineering  systems  usually  employ  large  numbers  of  photons  per  measurement  to 
arrive  at  an  acceptable  signal  to  noise  ratio.  In  such  situations,  the  evolution  of  the 
operators  in  the  Heisenberg  representation  can  be  linearized  by  writing  each  operator  as 
the  sum  of  a  large  c-number  and  an  operator  of  small  expectation  value.  If  higher  than 
first  order  terms  are  neglected,  the  operator  equations  are  linearized.  Linear  equations  do 
not  contain  products  of  operators  and  thus  issues  of  operator  ordering  do  not  arise.  But 
then  the  equations  are  indistinguishable  from  classical  linear  equations  and  have  the  same 
solutions.  In  this  way  a  close  analogy  is  established  between  the  quantum  problem  and 
the  system  equations  of  the  classical  counterpart.  Classical  transfer  functions  can  be  used, 
and  the  superposition  principle  applies. 

Since  the  application  of  squeezing  is  for  the  reduction  of  noise  in  interferometric  mea¬ 
surements,  it  is  important  to  understand  how  squeezed  vacuum  can  lead  to  such  noise 
reduction.  The  measurement  of  the  phase  imbalance  of  a  Mach-Zehnder  interferometer  is 
made  on  the  output  beam  splitter  on  the  side  which  has  zero  output  under  balanced  condi¬ 
tions  (the  signal  side).  The  noise  of  the  measurement  is  due  to  the  zero-point  fluctuations 
entering  the  “unexcited”  side  of  the  input  beam  splitter.  If  the  measurement  of  the  output 
signal  is  with  a  phase  sensitive  balanced  homodyne  detector,  squeezed  radiation  of  proper 
phase  fed  into  the  input  can  reduce  the  noise.  This  interpretation  of  the  noise  reduction  is 
congruent  with  the  interpretation  that  the  shot  noise  in  a  balanced  homodyne  detector  is 
due  to  the  zero-point  fluctuations  entering  its  input  port,  and  not  due  to  the  local  oscillator 
photon  noise;  a  balanced  detector  cancels  the  local  oscillator  fluctuations.  This  point  of 
view  follows  from  the  consistent  application  of  the  linearization  of  the  operator  equations 
in  the  Heisenberg  representation. 

Next  consider  squeezing  by  a  nonlinear  Mach-Zehnder  interferometer!^! .  A  phasor  of 
a  coherent  state,  represented  by  the  probability  distribution  (Wigner  distribution)  of  its 
complex  amplitude  in  the  phasor  plane,  entering  the  interferometer  acquires  a  distribution 
of  phase  shift.  When  the  event  is  represented  by  a  point  in  the  phasor  plane  of  increased 
amplitude  the  phase  shift  is  larger,  and  a  smaller  phase  shift  occurs  when  the  point  cor¬ 
responds  to  a  smaller  amplitude.  The  circularly  symmetric  distribution  distorts  into  an 
ellipse  tangential  to  the  original  circle  as  shown  with  the  two  parallel  lines  that  approximate 
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the  circle  in  the  limit  of  large  phasor  amplitude.  In  Figure  1  we  remove  the  net  “classical” 
phase  shift  due  to  the  average  amplitude  of  the  phasor.  The  inserts  follow  the  evolution 
of  the  Wigner  distributions  through  the  Mach-Zehnder.  The  vacuum  output  port  removes 
the  average  phasor  and  produces  radiation  of  zero  expectation  value.  The  Mach-Zehnder 
configuration  “filters”  out  the  pump  radiation  and  produces  squeezed  vacuum. 

A  simple  implementation  of  the  nonlinear  interferometer  is  the  fiber  Sagnac  loop  with  a 
50/50  coupler  as  shown  in  Fig.  This  configuration  is  selfstabilized  against  any  index 

fluctuations  on  a  time  scale  longer  than  the  traversal  time.  An  input  pulse  is  reflected 
back  into  the  input  port.  The  vacuum  port  is  excited  by  the  vacuum  fluctuations  and 
emits  squeezed  radiation.  Figure  3  shows  the  evidence  for  squeezing.  In  this  experiment, 
the  “stabilizing”  mirror  is  swept  and  the  phase  betw^een  L.O.  and  squeezed  vacuum  is 
changed  continuously.  The  noise  is  measured  with  a  filter  of  40  kHz  center  frequency  and 
2  kHz  bandwidth.  The  shot  noise  level  is  established  by  blocking  the  squeezed  vacuum 
from  entering  the  balanced  detector.  Any  attenuator  then  injects  standard  zero-point 
fluctuations.  It  is  clear  from  comparison  between  the  two  traces,  one  establishing  the  shot 
noise  level,  the  second  with  repetition  of  the  squeezed  radiation,  that  noise  is  less  than  the 
shot  noise  level  at  the  instants  of  favorable  phase. 

Figure  4  shows  the  noise  spectrum  of  shot  noise  and  squeezed  noise  stabilized  at  the 
minimum  level.  The  squeezing  yields  5.1  dB  reduction  of  the  noise  below  the  shot  noise 
level. 

These  experiments!^'®!  were  conducted  with  a  fiber  that  happened  to  leave  the  frequency 
range  of  40-90  kHz  free  of  Guided  Acoustic  Wave  Brillouin  Scattering  (GAWBS)!®!.  This 
scattering  is  due  to  the  acoustic  modes  of  the  fiber  near  cutoff  that  are  phase  matched  to 
the  forward  Brillouin  scattered  waves.  The  GAWBS  spectrum  is  a  very  sensitive  function 
of  the  fiber  geometry  and  it  is  found  that  in  most  fibers  the  convolution  of  GAWBS  to  the 
low  frequency  measurement  window  cannot  be  avoided. 

Two  ways  of  overcoming  the  GAWBS  are: 

-  When  two  pump  pulses  delayed  by  less  than  1  ns  are  used,  and  one  of  the  pulses 
is  phase  reversed  before  being  used  as  the  local,  oscillator,  the  GAWBS  cancels. 

-  With  a  high  pulse  repetition  rate  (>  1  GHz)  the  GAWBS  spectrum  does  not 

convolve  into  the  low  frequency  window. 

These  schemes  have  both  been  tested  experimentally  and  will  be  reported  in  detail!®’'^!. 
This  work  was  supported  by  Joint  Services  Electronics  Program  Contract  No.  DAAL03- 
92-C-OOOl  and  Office  of  Naval  Research  Contract  No.  N00014-92-J-1302. 
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Fig.  4  Quantum  noise  in  homodyne 
detection  with  standard  zero 
point  fluctuations  and  with 
squeezed  vacuum. 
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Advances  in  optical  amplifier  technology  have  reshaped  the  lightwave  communications 
landscape.  Erbium-doped  fiber  amplifiers  have  enabled  systems  engineers  to  begin 
exploiting  the  enormous  transmission  capacity  of  single-mode  fibers.  However, 
implementation  of  optical  amplifiers  magnify  the  effects  of  optical  nonlinearities  in  the 
transmission  fibers.  These  nonlinearities  will  limit  the  information  capacity  of  lightwave 
communications. 

The  nonlinearities  can  be  separated  into  two  broad  classes.  Stimulated  scattering 
processes,  such  as  Brillouin  and  Raman,  cause  wavelength  conversion  of  signals.  This 
gives  rise  to  unwanted  noise,  crosstalk,  and  power  depletion  The  nonlinear  refractive 
index  of  silica  is  the  source  of  such  effects  as  self-phase  and  cross-phase  modulation 
which  produce  spectral  broadening,  and  four-photon  mixing  which  mixes  signals  in 
wavelength  multiplexed  systems. 

This  talk  will  describe  the  various  optical  nonlinearities  and  discuss  the  limits  imposed 
by  these  nonlinearities  on  the  information  capacity  of  lightwave  communication  systems. 
Methods  for  reducing  the  systems  impact  of  nonlinearities  will  also  be  presented. 
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I.C.  Khoo,  H.  Li,  Y.  Liang,  P.  LoPesti,  B.  Yamell,  X.  Yi,  M.  Lee 
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Liquid  crystals  in  their  various  ordered  and  disordered  phases  have  been  shown  to  possess 
large  optical  nonlinearities  over  a  wide  temperature  and  spectral  range  [1,2].  Consequently,  almost 
all  types  of  nonlinear  optical  phenomena  have  been  observed.  In  particular,  nonlinear  propagation 
and  optical  limiting,  stimulated  back  scattering  and  phase  conjugation  have  been  observed  in  bulk 
thin  film  or  liquid  cells  [2]. 

It  is  well  known  that  nonlinear  optical  responses  of  a  material  will  be  greatly  enhanced,  and 
the  efficiency  of  the  nonlinear  phenomena  under  study  could  be  greatly  enhanced  if  guided  wave 
geometries  are  employed  [3].  In  this  paper,  we  report  the  results  of  a  series  of  experiments 
conducted  in  liquid  crystal  cored  fibers,  where  we  have  observed  several  nonlinear  optical 
phenomena  with  relatively  much  lower  optical  threshold  fluence.  In  particular,  passive  all-optical 
limiting  action  have  been  found  to  occur  at  threshold  fluence  a  few  times  smaller  than  their  thin  film 
or  bulk  cell  counterpart.  Concomitant  to  these  observations,  stimulated  back  scattering  and 
nonlinear  pulse  propagation  effect  also  appear. 

Liquid  crystal  cored  fibers  are  fabricated  by  filling  glass  capillaries  with  liquid  crystal  in  the 

isotropic  phase.  Such  fibers  of  core  diameter  ranging  from  2  to  200  pm  have  been  made.  Fiber 
array  composed  of  parallel  assembly  of  these  fibers  could  also  be  fabricated  by  filling  commercially 
available  capillary-arrays.  Liquid  crystal  slab  waveguides  are  made  by  sandwiching  a  thin  film  of 
nematic  liquid  crystals  between  two  ITO  and  polymer  surface-treated  glass  slides.  We  had  used 
both  isotropic  and  ordered  (nematic)  phase  liquid  crystals. 

Figure  1  shows  an  experimental  setup  used  for  nonlinear  propagation  and  self  limiting.  The 

second  harmonic  of  a  20  ns  Nd:Yag  laser  pulse  (X=0.532pm)  is  focused  by  a  1  cm  focal  length 
lens  into  an  isotropic  liquid  crystal  [EM  Chemicals  TM74Aj  fiber.  The  focal  spot  is  located  near  the 
front  entrance  plane.  At  low  laser  energy,  the  transmitted  pulse  shape  is  similar  to  the  input  [see 
photo  insert  in  fig.  1]. 


Fig.  1 

At  high  input  energies,  the  transmitted  pulse  shows  obvious  sign  of  limiting  effect  (See 
photo  insert  in  figure  2a).  As  plotted  in  figure  2a,  the  transmitted  energy  versus  the  input  exhibits  a 

typical  limiting  behavior,  with  a  threshold  of  2  pj  for  the  particular  fiber  used  (core  diameter 

=:26pm  ;  length=3  cm).  The  (linear)  scattering  and  absorptive  losses  of  the  fiber,  about  20%,  are 
due  to  interface  reflection  and  coupling  losses.  For  this  case,  we  note  that  the  threshold  input 

303 


Output  Energy  (  mJ  )  Output  Energy 


I.  C.  Khoo  et  al,  “Liquid  Crystal  Fibers  for  Enhanced  Nonlinear  Optical  Processes' 


X10 


0.220 

0.198 

0.176 

0.154 

0.132 

0.110 

0.088 

0.066 

0.044 

0.022 


0.000 


0.00  0.09  0.1 8 


1 


1 


Beam  Diameter  28  um 


l.itniling  Threshold  Flucnce:  4  J/cm^ 


_ I _ 1 _ L__i _ I _ r _ I _ '  ■  _ I - 1 - 1 - 1 - 

0.27  0.36  0.45  0.54  0.63  0.72  0.81  0.1 


Input  Energy  (  mJ ) 


I.  C.  Khoo  et  al,  “Liquid  Crystal  Rbers  for  Enhanced  Nonlinear  Optical  Processes” 


fluence  on  the  liquid  crystal  fiber  is  about  0.3pJ/cm2  (focal  spot  diameter  is  26\im).  On  the  other 
hand,  comparative  studies  in  bulk  nematic  or  isotropic  liquid  crystal  samples  [4]  have  shown  that 
the  corresponding  threshold  fluence  is  at  least  10  times  larger  [c.f.  fig.2b  for  a  2mm  thick  film  of 
the  same  liquid  crystal  used].  The  greatly  reduced  threshold  in  the  liquid  crystal  fiber  is  due  to  the 
increased  interaction  region  between  the  laser  and  the  induced  density  and  index  change.  It  is  also 
possible  that  the  intensity  dependent  laser  induced  self-lensing  effect  at  the  entrance  plane  of  the 
fiber  modifies  in  an  adverse  manner  the  input  coupling,  and  contributed  to  the  self-limiting  action. 

We  have  also  observed  stimulated  Brillouin  scattering  with  phase  conjugation 

characteristics  in  these  fibers  with  threshold  on  the  order  of  60pJ  or  so.  Since  the  thresholds 
(between  60-80p,J)are  similar  for  both  TM74A  and  5CB,  whose  absorption  constants,  a,  at 
0.532fxm  area  are  very  different  (a  for  TM74A  is  about  0.1  cm  *,  whereas  a  for  5CB  is  much 
smaller  than  0.1  cm  *),  the  effect  is  attributed  to  stimulated  Brillouin  scattering  (SBS).  An 


Fig.  3 


interesting  feature  of  the  observed  effect  is  the  aberration  correction  property  associated  with  SBS, 
which  is  manifested  in  the  input-like  quality  of  the  backscattered  signal.  Another  interesting  feature 
of  the  backscattered  pulse  is  that  it  is  significantly  compressed  [see  photo  in  fig.3].  We  will  present 
theoretical  analysis  of  these  limiting  and  stimulated  scattering  effects  which  show  that  liquid 
crystalline  cored  fibers  will  function  as  very  efficient  nonlinear  optical  devices.. 
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Nonlinear  optical  media  for  all-optical 
switching  should  provide  for  a  high  degree  of 
nonlinearity,  a  fast  response  time,  a  low  rate  of 
transmission  loss,  and  a  waveguide  structure. 
Chalcogenide  glasses  possess  this  nonlinearity 
and  can  be  used  to  form  single  mode  fibers  with 
low  transmission  loss  [1],[2].  We  earlier  reported 
on  optical  Kerr  shutter  operations  using  AS2S3- 
based  glass  fibers  up  to  2-m  long  [3], [4],  How¬ 
ever,  switching  power  for  the  Tt  phase  shift  was 
still  high  (12-14  W),  and  the  response  time  of  the 
material  was  undetermined.  This  paper  reports 
on  the  femtosecond  nonlinear  refractive  response 
in  AsaSs-based  glass  fibers,  and  the  use  of  small 
core  fibers  with  large  refractive  index  differences 
for  reducing  switching  power.  We  also  demon¬ 
strate  all-optical  switching  in  a  100-GHz  pulse 
train  using  a  laser  diode  as  a  gate  pulse  source. 

A  pump-probe  measurement  was  carried 
out  to  determine  the  response  time  in  a  material. 
The  experimental  setup  is  shown  in  Fig.  1.  An 
APM  color  center  laser  which  generates  a  200-fs 
(FWHM)  wide  pulse  at  a  wavelength  of  1.515  pm 
was  used  as  the  femtosecond  pulse  source  [5]. 
We  used  cross  polarized  lights  for  the  pump  and 
probe  [6j.  The  probe  pulse  intensity  was  kept  two 
orders  smaller  than  that  of  the  pump  pulse 
throughout  the  measurement.  We  used  a  short 


(3-cm-long)  fiber  for  the  pump-probe  measure¬ 
ment  to  delimit  pulse  broadening  caused  by 
group  velocity  dispersion  (GVD).  The  details 
of  this  fiber  referred  to  as  Fiber  C  are  given  in 
Table  1.  The  sample  fiber  had  a  weak  birefrin¬ 
gence,  which  is  probably  due  to  photo-induced 
permanent  birefringence  [4].  If  the  polarization 
of  the  pump  is  at  an  angle  ranging  from  above  0 
to  under  45  degrees  with  either  fast  or  slow 
axies,  the  Kerr  effect  will  cause  changes  in  the 
birefringence  and  lead  to  polarization  changes 
in  the  probe.  Figure  2  shows  a  pump-probe 
trace  for  a  pump  power  of  490  W  and  850  W. 
For  these  measurements  the  polarizer  was  set  to 
obtain  a  maximum  transmission  of  the  probe 
pulse  in  the  absence  of  the  pump  pulse.  The  fig¬ 
ure  shows  a  fast  probe  transmission  reduction 
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Fig.  1  Experimental  setup  for  pump-probe  measurement 
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1.2 


Table  1  characteristics  of  chlalcogenide  glass  fiber 


delay  time  (ps) 

Fig.  2  Pump-probe  trace  with  different  pump  power 

at  a  relatively  low  pump  power.  The  FWHM  for 
the  transmission  change  was  356  fs.  This  was 
larger  than  that  of  the  original  pulse  width  and  can 
be  attributed  to  a  pulse  broadening  in  the  fiber. 
When  the  larger  pump  power  was  coupled,  a  bro¬ 
ken  up  trace  with  multiple  peaks  was  observed,  as 
shown  in  Fig.  2.  When  the  probe  polarization  was 
aligned  to  the  principle  axis,  no  transmission 
change  was  observed.  The  FWHM  in  each  peak 
here  was  134  fs.  These  results  show  that  chalco- 
genide  glass  has  an  instantaneous  response  within 
a  hundred  femtoseconds. 

There  is  another  speed  limitation  in  all-op¬ 
tical  switching  caused  by  GVD.  The  GVD  value 
for  the  AS2S3  glass  is  410  ps/kn  nm  in  the  1.55  pm 
wavelength  region  [3].  In  the  picosecond  region, 
pulse  broadening  is  not  as  noticeable  in  a  fiber  of  a 
few  meters.  Chalcogenide  glass  fibers  thus  have 
one  of  the  highest  values  for  n2  interaction  length 
product  in  the  picosecond  region  [7].  Because  of 
this,  we  conducted  an  all-optical  switching  experi¬ 
ment  using  a  picosecond  pulse  from  a  laser  diode 
coupled  with  an  erbium  doped  fiber  amplifier 
(EDFA).  To  reduce  the  switching  power 
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sufficiently  for  laser  diode  driving,  we  tried 
small  core  fibers  with  high  relative  index  differ¬ 
ences  (An).  We  prepared  three  types  of  AS2S3- 
based  single-mode  fibers,  referred  to  here  as  Fi¬ 
bers  A,  B,  and  C.  Table  1  summarizes  the  com¬ 
position  and  properties  in  each  fiber.  The  setup 
for  the  Kerr  shutter  experiment  is  shown  in  Fig. 
3.  To  measure  the  switching  power  for  71  phase 
shift,  we  used  a  relatively  wide  (22  ps)  signal 
pulse.  By  using  a  9.6-ps-wide  gate  pulse,  some 
part  of  the  original  22-ps-wide  signal  pulse  was 
extracted  and  the  change  in  the  average  power 
of  the  extracted  signal  pulse  was  measured.  Fig. 
4  shows  switched  signal  pulse  energy  as  a  func¬ 
tion  of  the  coupled  gate  power  with  Fibers  A,  B, 
and  C.  As  shown  in  Fig.  4,  switching  power  for 
the  Tt  phase  shift  was  favorably  reduced  by 


Fig.  3  Experimental  setup  for  all-optical  switching  using 
laser  diodes 
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using  these  high-An  fibers.  The  n  phase  shift  was 
obtained  at  a  gate  power  of  3  W  using  the  1.2-m- 
long  Fiber  C.  From  the  gate  power,  the  n^  value  is 

-14  2 

estimated  to  be  2  x  10  (cm  /W)  and  is  two  or¬ 
ders  higher  than  that  of  a  silica  fiber  [8].  The 
length  of  Fiber  C  was  limited  by  the  relatively 
high  loss.  This  loss  is  attributed  to  the  scattering 
loss  caused  by  fiber  imperfections  such  as  rough¬ 
ness  between  the  core  and  cladding.  It  may  be  pos¬ 
sible  to  obtain  a  high-A  and  small-core  fiber  with  a 
lower  loss  by  reducing  the  fiber- imperfection  loss. 

To  evaluate  the  ultrafast  switching  capa¬ 
bility,  we  performed  all-optical  switching  with  a 
high-repetition  signal-pulse  train  by  using  Fiber 
C.  Figure  5  shows  the  temporal  waveforms  of  the 
switched  signal  for  "normally  on"  (a),  and  "nor¬ 
mally  off  (b).  The  pulse  interval  for  the  signal 
pulse  was  10  ps.  As  shown  in  the  figures,  we  were 
able  to  switch  a  100-GHz  signal  pulse  by  using  a 
gate  pulse  from  a  laser  diode. 

These  results  shows  that  chalcogenide 
glass  fibers  are  promising  as  nonlinear  optical  me¬ 
dia  for  all-optical  switching. 


Fig.  4  Switched  signal  energy  as  a  function  of  gate  power 


Fig.  5  lOO-GHz  switching  with  1.2-m-long  fiber 
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Second  harmonic  generation  (SHG)  is  a  sensitive  optical  probe  of  surfaces  since  the  bulk  dipolar  con¬ 
tribution  is  suppressed  in  centrosymmetric  crystals  L  There  are  different  approaches  in  the  literature  to 
study  SHG.  Sipe  et.  al.^  have  developed  a  phenomenological  analysis  of  the  surface  and  bulk  susceptibility 
tensors,  identifying  their  independent  components,  and  the  possible  functional  dependence  of  the  second 
order  reflectance  on  the  incidence  and  azimuthal  angles  for  different  crystal  surfaces.  However,  they  did 
not  attempt  actual  calculations  of  the  susceptibility.  Microscopic  calculations  of  the  surface  response  have 
been  performed  for  simple  metals  employing  hydrodynamic  ^^,5  self-consistent  jellium  ®  approximations. 
Schaich  and  Mendoza  ’’’  have  developed  a  model  that  accounts  for  local  field  and  crystallinity  effects  in  the 
response  of  insulators  and  semiconductors  and  it  has  been  extended  to  noble  metals  However,  there  are 
still  very  few  calculations  of  the  nonlinear  spectra  of  realistic  models. 

The  purpose  of  the  present  paper  is  the  development  of  a  simple  model  that  permits  the  calculation  of  the 
second  order  response  and  the  non-linear  reflectance  of  an  arbitrary  centrosymmetric  semi-infinite  system, 
in  terms  of  its  linear  response.  The  calculation  involves  serious  approximations,  but  we  believe  it  provides 
useful  guidance  to  the  size  and  the  spectral  shape  of  the  SHG. 

We  start  by  considering  a  single  charge  — e  bound  to  its  equilibrium  position  by  harmonic  forces.  In 
the  presence  of  an  harmonic  driving  field  E{r,  t)  this  system  acquires  a  second  order  dipole  and  quadrupole 
moment  given  by  ^ 

^2)(2a;)  =  -J-a(wW2w)VE^  (1) 

2e 

Q(2)(2a;)  =:  -ia'^(u;)EE,  (2) 

where  a(a;)  is  the  linear  polarizability.  Now  we  consider  a  macroscopic  system  made  up  of  n  of  these  entities 
per  unit  volume,  and  we  will  allow  n  to  depend  on  position,  changing  rapidly,  but  continuously  near  the 
surface,  from  its  bulk  value  tib  to  its  vacuum  value  of  zero.  Then,  the  macroscopic  second  order  polarization 

p(2)  ig  11 

p(2)  iv-n(3(2), 

using  Eq.  (1)  and  Eq.  (2)  gives, 

P(2)  ^  na{2w)E^^'>  -  ;J^a(w)a(2a;)VP=*  -|-  ■  {nEE),  (3) 

Zc  Zc 

where,  for  consistency,  we  also  added  the  linear  response  to  the  non-linear  field  At  the  surface,  the 

normal  component  of  the  electric  field  E_l  varies  rapidly,  so  that  Eq.  (3)  yields 

zr  na(2uj)E^^^  —  ~a(uj)a(2u>)dj_E\  -f  -~a'^(ui)d±nE‘^.  (4) 

ZC  ^6 

Since  the  source  of  the  non-linearity  is  localized  near  the  surface,  we  have  ignored  retardation,  and  we  can 
substitute  E^^^  by  the  depolarization  field  -47rP|^^  Now  we  write  Ex.  =  Dx/e{uj),  we  ignore  the  local  field 
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effect  in  order  to  write  the  dielectric  function  as  e(w)  =  1  +  47rna(w),  we  assume  that  the  displacement  field 

r2') 

Dx  is  almost  constant  within  the  surface  region,  and  we  solve  Eq.  (4)  for  to  obtain 


2ee(2a;) 


-a(w)a(2w)n5x(l/e^(w))  +  a^(w)9x(«/f^(w))]  D\. 


The  surface  susceptibility  is  commonly  characterized  by  two  phenomenological  parameters,  a(w) 
which  corresponds  to  (xs^^)±±±  and  6(a;)  which  corresponds  to  (yi^^)j|||x-  We  can  relate  a(w)  to 
through  ^ 

a(w)  = -647r^nBe  dr x  ,  (6) 

where  €b  is  the  bulk  dielectric  function.  We  can  perform  the  integration  in  Eq,  (6)  by  substituting  Eq.  (5). 
It  turns  out  that  the  integration  can  be  performed  analytically,  and  that  the.  result  is  independent  of  the 
shape  of  the  density  profile  n(rx).  The  final  answer  is 

,  ,  „ (eB(2u;)  -  eB(tj))(2eB(ij)  —  eB(2w)  —  eB(w)eB(2a)))  +  eKa;)(l  —  65(2^))  log(eB(w)/eB(2w)) 

aiuj)  =  2 - — - 

{eB(2ui)  —  eB(cj)) 

Following  the  same  procedure,  we  obtain  that  6(w)  =  -1,  and  introducing  retardation  we  also  calculate  the 
quadrupolar  bulk  susceptibility,  characterized  by  the  phenomenological  parameter  d{u})  =  1.  We  have 
obtained  the  same  expressions  for  conducting  systems  when  the  spatial  dispersion  of  the  electron  gas  is 
neglected.  Finally,  we  employ  standard  formulae  ^  to  calculate  the  efficiency  of  the  SHG  TZ  =  where 

and  li  denote  the  second  order  and  the  incident  intensity  respectively. 

The  results  above  can  be  applied  to  the  calculation  of  the  non-linear  response  of  an  arbitrary  semi-infinite 
centrosymmetric  crystal  by  simply  employing  the  appropriate  values  for  its  dielectric  function.  For  example, 
in  Fig.  1  we  show  a(w)  for  Ge  (cb  is  taken  from  Ref.  [13])  and  in  Fig.  2  we  show  the  corresponding  TZ{lo) 
ioi  p  ^  p  and  angle  of  incidence  6  =45®.  We  have  performed  similar  calculations  for  other  materials  such 
as  diamond  whose  efficiency  turns  out  to  be  5  orders  of  magnitude  smaller. 

In  summary,  by  assuming  that  the  polarizability  of  each  microscopic  entity  is  described  by  Eq.  (1)  and 
Eq.  (2),  by  assuming  a  continuous  distribution  of  these  entities  and  by  neglecting  the  local  field  effect,  we 
have  solved  the  problem  of  SHG  for  a  semi-infinite  medium  obtaining  analytical  expressions  which  may  be 
applied  to  any  centrosymmetric  system  to  obtain  a  first  estimate  of  its  non-linear  efficiency  spectra.  The 
source  of  the  surface  non-linearity  is  the  rapid  variation  of  the  normal  component  of  the  electric  field  across 
the  surface  region.  The  only  input  to  our  calculations  is  the  linear  bulk  dielectric  response,  which  can  be 
obtained  from  experiment  or  from  well  known  calculation  schemes. 


m 
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Figure  1.  We  show  the  real  and  imaginary  parts  of  a(w)  vs.  lo  for  Ge. 
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Figure  2.  We  show  the  SHG  efficiency  72.  as  a  function  of  the  fundamental  frequency  ui  for  Ge. 
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It  is  well  known  that  parametric  processes  can  be  used  to  efficiently  generate  sideband 
frequencies  from  a  strong  pump  within  a  suitable  nonlinear  medium  [1].  However,  the  band¬ 
width  over  which  parametric  gain  can  be  achieved  depends  on  the  ability  to  phase  match 
the  two  sidebands  with  the  pump  beam.  As  a  consequence,  the  use  of  parametric  processes 
to  produce  tunable  frequencies  of  light  is  limited  by  dispersion  in  the  nonlinear  material.  It 
could  be  of  great  importance  to  develop  methods  of  extending  the  tunability  of  the  four-wave 
mixing  process. 

In  previous  work  we  showed  how  the  tunability  of  a  four-wave  mixing  process  could  be 
extended  by  coupling  to  a  passive  linear  wave-guide  [2].  Since  then  we  have  investigated 
this  new  phase  matching  technique  for  the  specific  geometry  of  a  twin-core  coupler  and  have 
extended  our  theory  to  include  a  correction  to  the  effective  dispersion  due  to  the  presence 
of  the  passive  core. 

We  consider  two  identical  cores  in  the  same  cladding,  each  with  radius  a,  and  separated 
a  distance  s  from  center  to  center.  A  strong  pump  beam,  weak  probe,  and  a  parametrically 
generated  sideband  with  field  amplitudes  <^„,  <j)y,  and  (j),„  respectively,  propagate  along  one 
core.  The  probe  and  parametrically  generated  sideband  couple  to  the  linear  modes  with 
field  amplitudes  fx  and  fy  in  the  second  core.  Parametric  generation  of  the  side  band  is 
a  consequence  of  the  nonlinear  correction  to  the  index  of  refraction  for  the  pump  beam. 
Generally  this  nonlinearity  is  described  by  n  =  nco{<^u)  +  The  pump  beam  will  not 

couple  to  the  second  core  because  of  self-phase  modulation,  but  the  side  bands  will. 

Though  the  general  evolution  problem  is  difficult,  with  reasonable  approximations  the  it 
can  be  linearized.  We  neglect  the  transverse  derivatives  in  the  treatment  of  the  nonlinearity, 
and  use  the  undepleted  pump  and  slowly  varying  amplitude  approximations.  After  redefin¬ 
ing  the  resulting  field  amplitudes  to  incorporate  a  phase  change,  the  following  linearized 
evolution  equations  are  obtained: 


i— — +  Kx<t>x  +  -I-  =  0 


(l-A)  5C 

,  Oi-yjj  dfix 


-F  Ky(j>y  -h  -f  (l>:e-'^^  =  0 


(1) 

(2) 


312 


(3) 


a„  d(j)x  ,  ^  ^ 


(1  -  A)  d( 

O^w 

'(l  +  A)"^ 


+  Ky<j)xi,  —  0 


(4) 


where  is  a  normalized  length,  A  =  is  the  detuning  parameter,  6  is  the  dispersion 

parameter,  and  Kx,y  are  coupling  constants.  The  parameters  are  corrections  which, 
when  A  <<  1,  are  approximately  equal  to  1.  The  dispersion  parameter  is  the  sum  of  the 
nonlinear  phase  shift  in  the  pump,  the  single  core  dispersive  propagation  mismatch  and  a 
phase  mismatch  correction  due  to  the  presence  of  the  passive  core.  For  the  geometry  of 
a  twin-core  fiber  we  have  derived  analytic  expressions  for  the  coupling  constants  and  the 
dispersion  parameter. 

The  linearized  evolution  equations  may  be  cast  in  matrix  form  and  solved  by  the  eigen¬ 
value  method.  The  gain  in  the  system  is  the  maximum  real  part  of  the  eigenvalues  of  the 
resulting  evolution  matrix.  In  Figure  1  ,  we  show  a  map  of  the  gain  region  in  the  absence  of 
coupling  to  the  passive  core.  We  see  that  for  A  small,  we  can  only  phase  match  for  parametric 
gain  for  —6  <  S  <  —2.  In  the  presence  of  weak  coupling,  gain  can  be  phase  matched  for  6 
outside  this  gain  ellipse.  As  an  example,  we  have  made  some  calculations  assuming  a  .82/xm 
wavelength  pump  in  a  twin  core  fiber  with  2(im  diameter  Germanium  doped  cores  and  Florine 
doped  cladding.  In  Figure  2  we  show  a  trajectory  in  (^,  A)  space  and  the  corresponding  gain 
for  typical  parameters.  By  comparison  with  Figure  1  it  is  apparent  that  there  is  an  additional 
gain  region  due  to  the  core  to  core  coupling.  For  nearly  degenerate  frequencies,  or  stronger 
coupling  a  correction  to  the  dispersion  parameter  may  become  significant.  In  Figure  3  we 
show  the  gain  of  a  system,  and  <5  as  a  function  of  the  core  to  core  separation.  The  separation 
dependence  of  6  is  entirely  due  to  the  correction.  For  stronger  coupling,  the  correction  to  6 
becomes  dominate,  eliminating  the  possibility  for  gain. 

In  this  talk,  we  will  explain  our  new  phase  matching  method,  present  the  results  of  our 
analytic  calculations,  and  discuss  considerations  for  a  practical  implementation  of  this  novel 
technique. 
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Figure  1:  Gain  ellipse  without  coupling  to  the  passive  core 


Figure  2;  For  a  typical  twin  core  fiber:  (a)  the  dispersion  parameter  as  a  function  of  detuning,  and  (b)  gain 
as  a  function  of  detuning.  Additional  gain  regions  are  apparent  for  S  >  —2. 


Figure  3:  For  a  typical  twin  core  fiber;  (a)  the  dispersion  parameter  as  a  function  of  the  core  to  core 
separation,  (b)  gain  as  a  function  of  the  core  to  core  separation.  The  separation  dependence  of  the  dispersion 
parameter  becomes  dominate  as  the  coupling  becomes  stronger. 
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Summary 


Detailed  measurement  on  the  evolution  of  the  laser  pulse  width  from  its 
onset  to  the  steady  state  can  provide  valuable  insights  on  the  interplay  of 
various  pulse  shaping  forces.  In  this  study,  we  have  examined  the  dynamic 
pulse  evolution  to  the  steady  state  in  a  passively  mode-locked  Ti:sapphire  laser 
with  intracavity  saturable  dye  absorber.  This  class  of  lasers  is  of  interests 
becuase  it  is  self-starting,  robust,  and  can  produce  stable,  sub-lOOfs  pulses. 
While  previous  experimental  and  theoretical  works  have  shown  that  the  time 
for  such  passively  mode-locked  lasers  to  reach  the  steady  state  is  of  the  order 
of  a  few  tens  of  thousand  round  trips  [1-4],  the  present  study  reveals  the  role 
of  various  mode-locking  mechanisms  at  a  given  stage  of  pulse  evolution.  In 
particular,  we  are  able  to  measure,  for  the  first  time  to  our  knowledge,  the 
pulse-shortening  speed,  S^,  defined  as  the  fractional  change  in  pulse  duration 
per  pass,  as  the  pulse  evolved. 

The  experimental  appratus  is  shown  in  Fig.  1.  Our  Ti:sapphire  laser 
consists  of  a  linear  cavity  of  six  mirrors  with  a  5%  ourput  coupler.  The  gain 
and  absorber  folding  sections  have  focusing  mirrors  of  1 5  and  5  cm  of  radii  of 
curvature  respectively.  Mode-locking  was  initiated  by  the  saturable  dye 
absorber,  DDL  For  the  cavity  without  the  compensating  SFIO  prisms,  the  laser 
generated  picosecond  pulses.  As  the  dye  concentration  increased  from 

0.84x10  M  to  6.08x10  M,  the  steady  state  pulse  width  decreased  exponentially 
from  »  17.9ps  to  «  2ps.  The  pulse  width  as  a  function  of  delay  time  with  respect 
to  the  onset  of  laser  action  was  measured  by  the  time-gating  technique 
described  previously  [2].  Pulse  shortening  speeds  could  also  be  deduced  from 

the  pulse  width  evolution  data.  For  dye  concentration  of  0.84x10”'*  M, 
1.25x10  *  M,  and  6.08x10  *  M,  the  pulse  shortening  speeds,  5^,  are  -5x10”*  , 
-1.6x10  ^  and  -2.3x10  ^  at  the  stage  when  the  laser  pulse  width, t  »200ps  ,  as 
opposed  to  Sp  =-9.4x10  -5.9x10  *  ,  and  -1.1x10  respectively  for  r  «  20ps. 

These  are  in  reasonable  agreements  with  theoretical  predicted  values.  With 
prisms,  the  laser  generated  150fs  (gaussian)  pulses  at  77MHz  in  the  steady 
state,  regardless  of  dye  concentration.  The  bandwidth-pulsewidth  product  is 
0.45.  Fig.  2  illustrates  evolution  of  5^  for  the  cavity  either  with  or  without 

prisms,  at  three  dye  concentration  values.  Clearly,  the  saturable  dye  absorber 
is  a  dominant  pulse  shortening  force  for  pulse  width  as  short  as  a  few 

picoseconds.  The  pulse  shortening  speeds,  5^  =  -2.5x10”*  at  the  stage  when 

the  pulse  width  evolved  to  400fs,  are  the  same  for  the  three  different  dye 
concentrations.  Our  calculations  indicate  that  for  t  «  Ips,  for  the 
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saturable  absorber  dye  and  the  Kerr-lens  mode-locking  (KlJVl)  mechanisms 

are  approximately  equal  and  of  the  order  of  -1x10  .  For  shorter  pulses,  KLM 

is  the  dominant  pulse  shortening  force.  As  a  result,  the  steady-state  fs  pulse 
widths  is  independent  of  saturable  absorber  dye  concentrations.  By 
examining  Fig.  2,  we  also  find  that  is  four  times  larger  for  the  cavity  with 
prisms  than  the  cavity  without  prisms  at  t  »  5ps  and  d3^e  concentration  of 

6.08x10  M.  Since  the  pulse  shortening  forces  due  to  the  saturable  dye 
absorber  and  KLM  are  the  same  for  the  two  cavities,  this  is  strong  evidence  of 
the  prensence  of  soliton-like  pulse-shaping  force  by  the  combined  action  of 
SPM  and  GVD  compensation  for  the  cavity  with  prisms.  Recently,  we  were  able 
to  improve  our  measurements  to  earlier  stage  of  pulse  formation,  for  T  as  long 
as  Ins.  A  turning  point  corresponding  to  maximum  S^.,  which  shifted  with 

increasing  pumping  power,  was  observed  (See  Fig.  3).  This  phenomenon  can 
also  be  understood  by  noting  the  pulse-shortening  characteristics  of  the 
saturable  absorber  for  incident  pulses  of  different  peak  intensity. 
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Fig.  1.  Block  diagram  of  the  experimental  setup.  MC:  mechanical  chopper;  BS: 
beam  splitter;  PD:  photodetector;  BF:  birefringent  filter;  SA:  saturable 
absorber. 
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Fig.  2.  Pulse  shortening  speeds  as  a  function  of  the  pulse  width  as  the  laser 
evolves  to  the  steady  state  for  three  different  dye  concentration 


Pulse  Shortening  Speed  for  3  Pump  Levels 

x10‘^ 


Fig.  3.  Experimental  and  theoretical  evolution  curves  which  exhibit  maximafor 
pulse  shortening  speeds  in  a  cavity  without  prisms. 
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Second  harmonic  generation  (SHG)  by  centro-symmetric  crystals  has  become  a  useful  tool  to  study 
surfaces  since  their  dipolar  bulk  contribution  is  suppressed  by  symmetry.  The  residual  bulk  contribution 
originates  from  the  non-uniformity  of  the  electric  field  and  is  usually  of  a  similar  order  of  magnitude  as 
the  surface  contribution,  namely,  a  factor  (u/A)^  smaller  than  for  non-centro-symmetric  materials,  where 
a  is  a  distance  of  the  order  of  atomic  dimensions  and  A  is  the  wavelength.  To  distinguish  surface  from 
bulk  contributions  some  experiments  have  concentrated  on  the  anisotropy  of  the  signal  [1],  and  only  a 
few  have  considered  its  frequency  dependence  [2].  Recently,  experiments  performed  on  metals  immersed 
in  an  electrolyte  [3]  have  shown  that  the  surface  contributions  to  SHG  depends  on  the  surface  electronic 
distribution.  Since  a  local  theory  of  SHG  [4]  yields  no  electronic  density  profile  dependence,  spatial  dispersion 
has  to  be  accounted  for.  In  the  literature  there  are  calculations  for  the  SHG  of  free-electron-like  metals 
using  either  the  self-consistent  jellium  model  [5]  or  the  more  simple  hydrodynamic  model  [6].  The  former 
calculations  have  not  been  performed  above  w  =  Wp/2  due  to  technical  difficulties  whenever  a  propagating 
bulk  plasmon  at  2ui  is  excited.  The  latter  calculations  have  been  restricted  to  discontinuous  step  profiles,  and 
require  that  additional  boundary  conditions  be  imposed  at  the  density  discontinuities.  Given  the  relative 
simplicity  of  the  hydrodynamic  model  and  the  possibilities  it  offers  to  go  beyond  simple  jellium  models  [7], 
in  this  paper  we  extend  it  to  the  case  of  arbitrary  surface  density  profiles. 

In  the  following  we  concentrate  on  one  component  of  the  nonlinear  surface  susceptibility  tensor  X2<  namely 
(xU-L-LX-  Th®  calculations  for  the  other  components  are  analogous.  We  start  from  the  continuity  equation 
and  from  Euler’s  equation  for  the  momentum  conservation  of  a  semiinfinite  electron  fluid  of  density  n{z) 
moving  with  velocity  field  u(z)  in  the  presence  of  an  electric  field  E{z),  namely 

mndtu  -t-  mnu/T  -p  mnud^u  =  —neE  —  'yn^^^dz'n,  (1) 

where  m  and  — e  are  the  electrons’  mass  and  charge  and  r  measures  their  lifetime.  The  consequtive  terms  of 
Eq.  (1)  correspond  to  inertia!  forces,  dissipation  through  friction  with  the  lattice,  convective  momentum  flow, 
electric  force  and  a  pressure  gradient.  The  pressure  originates  from  the  density  dependence  of  the  average 
energy  of  a  ferm.ion  in  a  non-interacting  homogeneous  gas  U/N  =  where  7  =  (37r^)^/®h^/(3m). 

To  account  partially  for  the  Coulomb  interaction,  E  is  taken  to  be  the  self-consistent  field  and  we  neglect 
exchange  and  correlation  [8].  Here  we  assume  that  all  vector  fields  {E,  u,  etc.)  point  along  the  2  direction, 
which  we  take  as  the  norma!  to  the  surface.  We  also  assume  that  the  width  of  the  “surface  region”  is  small 
when  compared  to  the  optical  wavelength,  so  that  at  this  stage  of  our  calculation  we  may  neglect  retardation 
[9]  and  the  variation  of  the  fields  along  the  surface. 

Now  we  make  an  expansion  of  n,  u,  and  E  in  powers  of  a  perturbing  oscillating  external  field  D{z,t)  = 
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where  no  is  the  equilibrium  density  profile  and  Eg  plays  the  role  of  an  effective  field  that  confines  the  electrons 
to  a  semispace.  To  first  order  we  obtain 


(^2  _  ^2  _  ^  ^  (3) 

where  Wp  =  s/inne^fm  is  the  (local)  plasma  frequency  and  P  is  the  polarization  field,  related  to  the  electric 
current  j  =  -neu  through  j  =  dtP.  Finally,  for  the  second  order  field  oscillating  at  2w  we  obtain 


[Wp  -  2w(2w  +  i/T)]P2 


m  m  6e 

+  +  iuilT)d^Pl. 

TIqc 


(4) 


Notice  from  Eq.  (4)  that  the  sources  of  the  surface  nonlinear  polarization  are  the  spatial  derivatives  of  the 
ground  state  density  no  and  of  the  linear  polarization  Pi . 

The  second  order  differential  equations  (3)  and  (4)  can  be  solved  analytically  in  the  bulk  region  where  no 
is  z  independent  and  they  can  be  integrated  numerically  near  the  surface  where  no  varies  from  0  to  its  bulk 
value  njj-  The  bulk  and  surface  solutions  may  be  sewn  together  by  using  (additional)  boundary  conditions 
which  can  be  obtained  from  the  differential  equations  themselves  [6,  10].  For  example,  consistency  between 
the  order  of  the  singularities  that  may  be  present  on  both  sides  of  Eq.  (3)  lead  immediately  to  the  continuity 
of  the  terms  under  the  derivative  operator,  namely,  PI  and  n^^^^dzPi.  These  boundary  conditions  are 
equivalent  to  those  first  proposed  by  Forstmann  [1 1]  in  order  to  satisfy  energy  and  charge  conservation  at 
sharp  boundaries  between  homogeneous  layers. 

After  solving  Eqs.  (3)  and  (4)  for  Pi(2)  and  P2(2)  we  integrate  Pi(z)-Pi(oo)  and  P2{z)  over  z  to  get  the 
surface  polarizations  P{  and  P|,  and  the  surface  susceptibilities  (x?)ii  =  Pi/D  and  (x2)xix  = 

We  have  performed  similar  calculations  for  all  the  components  of  both  surface  and  bulk,  linear  and  nonlinear 
susceptibilities  of  this  system,  and  we  have  employed  them  to  calculate  the  SHG  efficiency. 

To  illustrate  our  results  we  have  chosen  a  simplied  form  for  the  equilibrium  density:  no{z)  —  ns  if  z  >  zb, 
”0(2)  =  (1  +  z ! ZB)nB if  —Zb  <  z  <  zb  and  no(z)  =  0  if  z  <  — zb;  that  is,  in  the  selvedge  region  of  width 
2zb  the  density  interpolates  linearly  between  its  vacuum  and  bulk  values.  In  Fig.  1  we  show  the  nonlinear 
efficiency  spectra  P2(w)  =  /(2w)//(w)^  where  I  is  the  optical  intensity,  calculated  for  zb  =  3  in  atomic 
units,  which  corresponds  very  roughly  to  A1  {r,  =  2.07).  Our  results  are  up  to  three  orders  of  magnitude 
larger  than  those  obtained  for  a  single  step  discontinuous  density  [6,  9],  and  display  large  peaks  at  uig/2, 
Uq  and  specially  at  wj.  The  resonance  frequencies  Wd  and  w,  denote  the  dipolar  and  quadrupolar 
surface  collective  modes  which  appear  as  peaks  in  the  linear  surface  conductivity  [12]  s  =  -iw(xi)xx-  It 
has  been  possible  to  observe  multipolar  surface  modes  in  EELS  experiments  [13],  although  they  are  strongly 
shadowed  by  the  monopolar  surface  plasmon.  The  number  of  multipolar  resonances,  their  position  and  the 
strength  depend  on  the  width  of  the  selvedge  and  on  the  shape  of  the  density  profile.  Currently  we  are 
performing  similar  calculations  for  more  realistic  shapes  [14]. 

In  summary,  we  have  extended  the  hydrodynamic  model  to  calculate  the  linear  and  non-linear  response 
and  the  nonlinear  efficiency  of  semiinfinite  metals  taking  8u:count  the  electronic  density  profile  at  their  surface. 
The  surface  nonlinear  susceptibility  and  its  efficiency  display  a  series  of  very  large  peaks,  several  orders  of 
magnitude  larger  than  those  obtained  for  abrupt  profiles,  corresponding  to  the  excitation  of  multipolar 
surface  modes  at  w  and  2w.  Our  results  suggest  that  the  multipolar  modes,  which  are  difficult  to  observe 
in  electron  scattering  experiments,  might  be  observed  through  SHG  spectroscopy.  We  hope  this  calculation 
encourages  more  experiments  to  measure  the  frequency  dependence  of  the  SHG  signal. 

This  work  was  partially  supported  by  DGAPA-UNAM  under  project  no.  IN-102493  and  by  CONACyT. 
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Efficient  resonant  surface-emitting  second-harmonic  generators  and  optical  power  limiters 
based  on  multilayers  or  asymmetric  quantum  wells 
J.  B.  Khurgin  and  S.  J.  Lee 
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Recently,  surface-emitting  green  light  was  obtained  [1]  by  frequency-doubling  infrared 
laser  beam  (1.06  jim)  in  the  waveguide  based  on  periodically  modulated  second-order  suscep¬ 
tibility  in  alternating  AlxGai_xAs  and  AlyGai_yAs  (x  ^y)  layers.  When  a  thin  layer  of 
AlGaAs  is  sandwiched  between  two  quarter-wave  stacks,  large  increase  in  the  conversion 
efficiency  was  observed  [2]  though  quasi-phasematching  was  not  established.  The  maximum 
conversion  efficiency  so  far  is  still  less  than  1  %AV. 

Here,  we  propose  a  novel  type  of  devices  (Fig.  1)  that  simultaneously  perform  two  func¬ 
tions:  frequency  doubling  and  optical  power  limiting  from  different  output  ports  based  on 
resonant  second-order  susceptibilities  in  ZnSe/ZnS  or  AlGaAs/AlGaAs  multilayer,  or 
ZnSe/ZnMnSe  or  GaAs/AlGaAs  asymmetric  quantum  well  structures  incorporating  quarter- 
wave  stacks  for  resonant  enhancement. 

To  generate  second-harmonic  light,  we  need  two  counterpropagating  beams  with  their 
polarizations  normal  to  each  other  (TE  and  TM)  because  of  the  polarization  dependence  of 

in  bulk  materials  or  asymmetric  quantum  wells.  We  can  couple  a  circularly  polarized 
beam  into  the  waveguide  to  generate  these  two  counterpropagating  beams  in  the  waveguide. 

In  the  case  of  frequency  doubling,  the  second-harmonic  light  emits  from  the  the  surface  of 
the  multilayer  or  asymmetric  quantum  well  structures.  The  quasi-phasematching  in  mul¬ 
tilayers  is  achieved  by  growing  alternating  thin  layers  in  which  the  single  unit  consists  of  two 
layers  possessing  different  magnitudes  of  second-order  susceptibilities  [1].  The  quasi¬ 
phasematching  in  asymmetric  quantum  wells  is  achieved  by  growing  alternating  domains 
consisting  of  multiple  asymmetric  quantum  wells  in  which  the  single  unit  consists  of  two 
domains  that  correspond  to  the  opposite  symmetries  [3].  In  both  structures,  second-order  sus¬ 
ceptibility  can  be  modulated  along  the  growth  direction  from  one  layer  or  domain  to  the  adja¬ 
cent  one.  By  properly  designing  the  structures  of  multilayers  or  asymmetric  quantum  wells, 
we  can  convert  the  spectrum  of  0.8-2  |im  to  that  of  0.4-1  jim  using  different  materials  and 
structures  to  avoid  the  absorption  of  second-harmonic  light  by  the  materials.  Because  sem¬ 
iconductors  are  isotropic  materials,  surface-emitting  geometry  is  probably  the  only  one  to 
achieve  quasi-phasematching.  We  do  not  need  to  separate  second-harmonic  light  from  funda¬ 
mental  one.  Such  frequency  doublers  can  be  integrated  with  laser  diodes  to  form  a  monol¬ 
ithic  laser  source  at  short  wavelength.  We  do  not  need  to  rotate  the  sample  for  a  large  range 
of  pump  wavelengths  to  maintain  quasi-phasematching.  We  can  easily  incorporate  two 
quarter-wave  stacks  into  the  structures  for  the  Fabry-Perot  cavity  enhancement. 

The  conversion  efficiency  is  depicted  vs.  the  input  power  in  Fig.  2.  The  saturation 
power  can  be  expressed  as 

p  _  ^2cq»  2co  ( ^  ~  Ri  R2)  ^eff  ^ 

8t1o[Ax^2)j2  d  / 


321 


where  is  the  difference  of  the  second-order  susceptibilities  between  adjacent  layers  for 
multilayers  or  between  adjacent  domains  for  asymmetric  quantum  wells,  Ri  and  R2  are  the 
reflectivities  of  the  second-harmonic  light  at  two  quarter-v/ave  stacks,  ?i2co  is  the  second- 
harmonic  wavelength,  and  «2co  refractive  index  for  fundamental  and  second- 

harmonic  wave,  Tjo  is  the  vacuum  impedance,  dgff  represents  the  overlap  of  the  interacting 
modes,  d  is  the  total  thickness  of  the  layers,  b  is  the  width  of  the  waveguide,  and  /  is  the 
length  of  the  waveguide.  When  the  input  power  is  equal  to  the  saturation  power,  the  conver¬ 
sion  efficiency  reaches  72%,  see  Fig.  2.  Above  the  saturation  power,  the  conversion 
efficiency  approaches  100%  exponentially.  For  P^=5P^,  T]~99A%,  see  Fig.  2. 

In  the  case  of  optical  power  limiting  (Fig.  3),  the  output  beam  is  the  portion  of  the  input 
beam  that  is  reflected  from  the  waveguide,  propagating  along  the  multilayer  or  quantum  well 
plane.  Optical  power  limiting  is  achieved  based  on  the  resonant  cascaded  second-order  sus¬ 
ceptibilities  in  multilayers  or  asymmetric  quantum  wells  (effective  third-order  nonlinearity) 
[4].  The  advantage  of  this  type  of  optical  power  limiters  compared  with  the  conventional 
ones  is  that  they  can  take  much  higher  input  power  because  the  limiting  is  done  by  convert¬ 
ing  the  input  power  into  the  second-harmonic  power  (no  real  absorption  is  involved).  It  can 
be  readily  shown  that  the  threshold  power  for  power  limiting  (P^)  is  the  same  as  the  satura¬ 
tion  power  for  second-harmonic  generation.  Based  on  the  Manley-Rowe  relation,  we  obtain 
Rj=Pr-t-P2a)+fra  where  Fj  is  the  input  power,  P^  is  the  reflected  power,  ^2(0  is  the  total 
second-harmonic  power  {^IPj),  and  is  the  loss  which  is  expected  to  be  low  in  our  struc¬ 
tures.  Therefore,  one  device  can  perform  two  functions:  frequency  doubling  and  optical 
power  limiting  through  different  output  ports  (Fig.  1). 

Following  Ref.  [1],  =  9  x  10"^°m/V  for  GaAs/Alo.8Gao.2As  multilayers  at  1.06  ^im. 

Therefore,  we  use  Ajc^^^=:2x  lO'^^m/V  for  estimating  the  saturation/threshold  powers.  Con¬ 
sider  deff/d=10.  If  ^2co=0-9lim  (using  GaAs/Alo.8Gao.2As  multilayers),  Ri_2  =  99.99%, 
Z)  =  10|im,  /  =  10mm,  Fs=lW.  To  efficiently  frequency-double  1.32  |im  laser  light,  we 
replace  a  single  thin  layer  of  AlQ  5GaQ  4As  by  alternating  AlQ  5GaQ  5As/AlAs  layers  and  using 
quarter-wave  stacks  with  high  reflectivities  (e.g.  i?i2~99.9%)  in  Ref.  [2].  Our  estimate 
shows  that  two  orders  of  magnitudes  of  the  enhancement  on  the  conversion  efficiency  is 
expected.  The  third  example  is  to  generate  blue  light  based  on  ZnSe/ZnS  multilayers.  For 
5\,2co  =  0.49|J,m,  Ri  2  =  99.99%,  b=10|im,  /  =  10mm,  P3=130mW.  The  saturation/threshold 
powers  for  asymmetric  quantum  wells,  are  more  or  less  the  same  as  those  for  multilayers. 
We  also  show  that  the  proposed  structure,  when  used  with  both  TE  and  TM  waves,  can  act 
as  the  coupler,  the  self-phase  modulator,  and  the  optical  phase  conjugator. 

This  work  is  supported  by  AFOSR  and  NSF. 
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Fig.  1.  Configuration  of  a  novel  type  of  devices  for  fi’equency  doubling  and  optical 
power  limiting. 
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Fig.  2.  Second-harmonic 
conversion  efficiency  vs. 
normalized  input  power 
(Pi/Ps). 
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Fig.  3.  Normalized  reflected 
power  (Pj/P^)  vs.  normal¬ 
ized  input  power  (Pi/Pth)  for 
optical  power  limiting. 
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We  present  a  technique  whereby  the  frequency-doubled  output  power  of  a  laser  system 
is  increased  by  a  factor  of  two  without  increasing  the  size  of  the  pump  laser.  The  technique 
uses  multiple  doubling  crystals  in  a  tandem  arrangement  with  inter-crystal  phase  plates  to 
maintain  proper  phasing  of  the  fields.  The  result  leads  to  a  savings  of  cost,  power,  and  weight 
in  operational  systems.  The  process  is  demonstrated  with  a  commercial  19  Watt  cw  mode- 
locked  Nd:YAG  laser  and  two  temperature-tuned  lithium  triborate  (LBO)  crystals. 

In  conventional  single-crystal  geometries,  the  conversion  efficiency  for  frequency 
doubling  can  be  enhanced  either  by  increasing  the  input  intensity  or  increasing  the  interaction 
length.  For  fixed  input  power,  increasing  the  intensity  by  focusing  improves  the  conversion 
efficiency  until  the  damage  threshold  of  the  material  is  reached  or  until  the  diffractive  spreading 
of  the  tightly  focused  beams  begins  to  limit  the  interaction  length.  Thus,  increasing  the 
interaction  length  of  the  nonlinear  material  is  an  effective  method  of  increasing  the  conversion 
efficiency  only  when  tight  focusing  is  not  required.  For  high-peak-power  lasers,  such  as  Q- 
switched  or  Q-switched  mode-locked  lasers,  a  weakly  focused  beam  has  sufficient  nonlinear 
drive  to  produce  conversion  efficiencies  greater  than  60%.  In  the  case  of  low-peak-power 
lasers,  such  as  continuous-wave  or  continuous-wave  mode-locked  lasers,  conversion 
efficiencies  are  typically  limited  to  less  than  30%. 


In  principle,  the  conversion  efficiency  for  low-peak-power  lasers  can  be  increased  by 
using  a  second  nonlinear  element  to  continue  the  conversion  process.  This  is  done  by 
refocusing  the  output  from  the  first  crystal  into  a  second  crystal.  A  disadvantage  of  this 
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approach  is  that  the  relative  phase  difference  between  the  fundamental  and  second-harmonic 
waves  can  change  on  propagating  through  the  various  optical  elements,  including  the  air  and 
antireflection  coatings.  In  the  worst  case,  the  second-harmonic  light  generated  in  the  second 
crystal  interferes  destructively  with  that  generated  in  the  first  crystal  leading  to  complete  back- 
conversion.  In  our  system  we  implement  a  second  doubling  crystal  and  a  phase  compensator 
to  cancel  these  unwanted  phase  shifts. 

A  schematic  of  the  system  is  shown  in  Figure  1.  The  pump  laser  is  a  19  Watt  average 
power  cw  mode-locked  Nd:YAG  laser  that  produces  100  picosecond  pulses.  The  peak  power 
of  this  laser  is  only  2.5  kilowatts,  necessitating  tight  focusing  for  efficient  frequency  doubling. 
Commercial  lasers  of  this  type  typically  achieve  only  25%  to  30%  doubling  efficiency  with  a 
single  10  to  20  mm  doubling  crystal. 

The  pump  wave  enters  the  first  element,  which  consists  of  a  focusing  lens,  a  15  mm 
LBO  type-I  doubling  crystal,  and  a  recollimating  lens.  The  pump  and  second-harmonic  waves 
have  the  optimum  phase  difference  between  them  at  the  exit  of  the  crystal.  However,  after 
passing  through  the  recollimating  optic,  optical  coatings,  and  focusing  optics  in  the  system,  the 
phase  difference  may  not  be  the  proper  value  for  continued  frequency  conversion.  In  our 
system  we  adjust  the  relative  phase  of  the  waves  for  continued  frequency  conversion.  Once 
the  proper  phase  difference  is  achieved  the  conversion  process  proceeds  as  if  the  two  or  more 
nonlinear  elements  were  one  contiguous  element. 
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Fig.  2.  Measured  output  power  at  532  nm  as  a  tunction  of  phase-plate  rotation  angle  for  the  case  of  19  Watts 
pump  power.  The  maximum  second-harmonic  power,  12  Watts,  corresponds  to  63%  conversion  efficiency. 

Phase  compensation  between  the  LBO  crystals  is  accomplished  using  the  dispersive 
properties  of  two  counter-rotating  glass  plates.  The  plates  provide  a  relative  phase  shift 
between  the  two  optical  waves  that  varies  with  tilt  angle.  Counter-rotating  plates  are  used  so 
that  no  net  displacement  of  the  beams  occurs  as  the  plates  are  rotated.  Other  ways  to 
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accomplish  this  dispersive  phase  shift  include;  a  gas  pressure  cell;  a  varying  path  through  air; 
and  a  variable  path  through  a  liquid.  Instead  of  a  strictly  dispersive  device,  a  birefringent  phase 
compensator  may  be  used  to  accomplish  the  relative  phase  adjustment.  Since  the  first  and 
second-harmonic  signals  are  often  orthogonally  polarized,  an  electro-optic  phase  compensator 
may  be  used  to  achieve  the  necessary  relative  phase  shift. 

In  Figure  2  we  plot  the  second-harmonic  power  as  a  function  of  the  phase-plate 
rotation  angle.  As  the  glass  plates  are  rotated,  a  series  of  interference  fringes  results  in  which 
the  output  power  at  the  second  harmonic  varies  from  about  1  Watt  to  12  Watts  corresponding 
to  conversion  efficiencies  from  5%  to  63%  respectively.  The  straight  line  at  5.5  Watts 
indicates  the  single-crystal  conversion  efficiency  of  roughly  29%  typical  for  laser  systems  such 
as  this.  In  an  operational  system  the  phase  plates  would  be  adjusted  to  maintain  the  optimum 
efficiency  of  63%. 

We  have  demonstrated  a  factor-of-two  increase  in  frequency  doubling  efficiency 
using  a  second  nonlinear  crystal.  In  general,  this  technique  may  be  implemented  in  any 
system,  however,  the  most  dramatic  results  are  obtained  when  the  single-crystal 
conversion  efficiency  is  less  than  30%.  This  same  technique  can  be  applied  to  any  three- 
wave  mixing,  nonlinearity,  process  where  only  one  relative  phase  is  important.  As 
long  as  low-peak-power  laser  applications  exist,  this  technique  should  prove  useful  for 
efficient  frequency  conversion. 
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In  the  recent  years,  antiphase  dynamics  has  appeared  as  a  new  topic  in  the  study 
of  multimode  lasers  [1-12],  In  particular,  Roy,  Wiesenfeld  and  their  collaborators 
have  predicted  and  observed  antiphase  dynamics  in  a  Nd:YAG  laser  that  also 
contains  a  KTP  crystal  which  doubles  the  frequency  of  the  light  emitted  by  the 
Nd:YAG  crystal  [1].  In  this  set-up,  the  green  light  is  generated  both  by  frequency 
doubling  and  by  sum  frequency  generation  from  two  different  longitudinal  modes. 
The  control  parameter  is,  in  principle,  the  pump  parameter.  Another  important 
parameter  to  control  the  dynamics  is  the  angle  between  the  fast  axes  of  the  two 
crystals  in  the  cavity.  As  shown  by  Roy  et  al.  [13],  the  equations  describing 
these  processes  can  be  approximated  by  the  rate  equations 


^0  dT  =  '°k  -  “k  -  8='k  -  I  ''jkh”k 

j>k 

dG 

^  -  ^-k  -  “  "  ‘k "  I"  I  'jWk 

j^k 


where  and  x^  are  the  cavity  round  trip  time  and  fluorescence  lifetime 

respectively;  and  Gj^  are,  respectively,  the  intensity  and  gain  associated  with 

the  kth  longitudinal  mode;  a,  is  the  cavity  loss  parameter  for  the  kth  mode,  y  is 

^  K 

the  small  signal  gain  which  is  related  to  the  pump  rate,  is  the  cross¬ 

saturation  parameter  and  g  is  a  geometrical  factor  whose  value  depends  on  the 
phase  delays  of  the  amplifying  and  doubling  crystals  and  on  the  angle  between  the 
fast  axes  of  these  two  crystals.  The  electric  field  modes  can  oscillate  in  one  of 
two  orthogonal  polarizations.  In  Eq.(l),  p.,  =  g  if  modes  j  and  k  have  the  same 

polarization  while  p .  =  1  -  g  if  the  modes  have  orthogonal  polarizations;  e  is  a 

nonlinear  coefficient  whose  value  depends  on  the  properties  of  the  KTP  crystal;  it 
describes  the  conversion  efficiency  of  the  fundamental  intensity  into  the  doubled 
intensity. 

As  shown  in  [8],  antiphase  dynamics  is  already  present  in  the  transient  relaxation 
towards  equilibrium  and  in  the  noise  spectrum  when  noise  is  added  to  the  steady 
state. 

Of  particular  interest  is  the  fact  that  Eqs.(l)  and  (2)  may  admit  a  Hopf 
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bifurcation  at  which  a  steady  state  becomes  unstable.  Two  different  types  of 
solutions  are  predicted  analytically  and  numerically,  depending  on  the  magnitude 
of  the  parameter  e. 

1/If  c  is  small  (e.g.,  of  the  order  of  0.00005  as  in  the  original  experiments  of 
Roy  [1]),  the  solutions  near  the  Hopf  bifurcation  are  smoothly  modulated 
periodic  solutions  which  display  antiphase  dynamics.  The  simplest  case  of 
antiphase  is  one  in  which  N  modes  are  in  the  same  periodic  state  with  period  P, 
each  intensity  being  phase-shifted  by  P/N  from  another  mode  intensity.  However, 
we  have  discovered  a  more  complex  example  of  response,  displayed  in  Fig.l,  where 
modes  1  and  2  are  in  antiphase  while  mode  3  is  in  phase  with  the  sum  of  the  mode 
1  and  2  intensities.  Note  that  mode  3  is  not  exactly  in  phase  with  the  sum 
intensity;  the  analytical  study  gives  an  explicit  expression  for  the  very  small 
residual  dephasing. 

2/If  e  is  somewhat  larger  (of  the  order  of  0.05)  it  is  found  that  the  dominant 
mode  of  oscillation  involves  passive  Q-switching,  i.e.,  periodic  pulses.  In  this 

case,  antiphase  dynamics  implies  a  weak  overlap  between  the  pulses  of  the 

different  modes  and  may  result  in  an  asymmetric  influence  of  a  mode  on  the 

others  [12].  By  this,  we  mean  that  if  there  are  N  modes  in  one  polarization  and 
P  modes  in  the  orthogonal  polarization,  the  N  modes  can  be  chaotic  while  the  P 
modes  are  periodic.  An  example  of  this  situation  is  shown  in  Fig.2.  More 
generally,  it  appears  that  perturbations  of  the  N  modes  affect  the  P  modes  but 
that  the  P  modes  can  be  immune  to  perturbations  from  the  N  modes. 

The  small  e  solution  emerges  from  the  Hopf  bifurcation.  The  modulation  depth 
increases  from  zero  at  the  bifurcation  as  the  pump  parameter  increases.  On  the 

contrary,  the  larger  e  solution  emerges  from  a  heteroclinic  orbit  (infinite  period 
solution).  As  the  control  parameter  is  increased,  the  pulse  period  decreases  from 
infinity.  These  two  mechanisms  represent  two  standard  ways  in  which  a  periodic 
solution  may  appear.  For  both  cases,  an  analytic  theory  is  developed  that  accounts 
quite  well  for  the  essential  aspects  of  the  numerical  simulations  and  the 
experimental  results. 
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Optical  parametric  oscillators  (OPO)  have  considerable  promise  in  many  applications 
requiring  tunable  sources.  First  demonstrated  by  Giordmaine  and  Miller  [1]  in  1965, 
progress  has  been  limited  by  the  availabihty  of  suitable  non-linear  materials.  In  recent 
years,  interest  has  increased  in  these  devices,  as  evidenced  by  the  near-simultaneous 
introduction  of  commercial  devices  by  several  vendors. 

Generation  of  tunable  radiation  in  the  mid-infrared  spectral  range  remains  difficult, 
however.  There  are  many  scientific  and  mihtary  applications  in  the  4-5  pm  region  of  the 
spectram  which  require  a  tunable  source  in  this  region.  Currently,  the  1.06  pm  pumped 
lithium  niobate  OPO  can  just  reach  4.0  pm,  but  with  energy  thresholds  of  tens  or  hundreds 
of  irullijoules.  Current  efforts  have  primarily  concentrated  on  AgGaSe2  or  ZnGeP2  OPOs 
pumped  by  thuUium  or  holmium  lasers  at  around  two  microns.  High  repetition  rate 
operation  has  been  limited  in  these  devices  by  absorptions  in  the  material.  AgGaSe2  in 
particular  has  a  strong  absorption  at  two  microns,  which  varies  somewhat  from  sample  to 
sample. 

Northrop  has  pursued  a  two  stage  approach  in  order  to  develop  a  compact,  high  repetition 
rate  (~4  kHz)  solid  state  laser/  OPO  combination.  The  approach  consists  of  a  non- 
critically  phase  matched  KTP  OPO,  pumped  by  a  Nd:YAG  or  Nd:YLF  laser,  which 
oscillates  around  1.5  pm,  followed  by  a  AgGaSe2  OPO.  This  approach  avoids  the 
AgGaSe2  absorption  at  two  microns  while  also  allowing  a  simple  Nd  pump  laser.  Due  to 
space,  weight  and  power  limitations,  the  pump  laser  is  limited  to  around  2  ml  per  pulse  at 
4  kHz.  Therefore,  a  low  overall  threshold  is  very  important  for  efficient  conversion.  The 
non-critically  phase  matched  KTP  OPO  is  well  known  [2].  This  device,  due  to  the  lack  of 
extraordinary  beam  walkoff,  allows  long  interaction  lengths  with  small  pump  beam  spot 
sizes,  and  therefore  low  threshold  operation.  Komine  et.  al.  have  used  a  Nd:  YLF  pump 
(1.05  pm),  which  generates  1.54  pm  from  the  KTP  OPO,  with  a  non-critically  phase 
matched  AgGaSe2  OPO  [3].  This  approach  succeeded  in  generating  over  300  mW 
average  power  at  3.7  pm.  The  wavelength  of  this  device  contradicts  the  predictions  from 
the  Sellmeier's  equations  of  Bahr  [4]  or  Mikkelsen  [5]. 

The  work  described  here  uses  a  somewhat  different  approach.  A  Nd:YAG  pump  is  used, 
which  generates  1.57  pm  from  the  KTP  OPO.  With  two  millijoules  pump  (15  nsec  pulse), 
about  500  pJ  of  1.57  pm  is  generated.  The  overall  threshold  of  this  first  stage  is  about 
450  pJ.  The  1.57  pm  beam  is  then  used  to  pump  a  critically  phase  matched,  type  I 
AgGaSe2  OPO,  cut  at  74  degrees.  Due  to  the  high  gain  and  small  double  refraction  angle 
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of  AgGaSe2,  the  threshold  energy  of  this  device  is  around  200  pJ,  even  though  it  is 
critically  phase  matched.  The  overall  threshold  from  1.06  pm  is  less  than  1  mJ,  and  the 
MIR  energy  is  in  excess  of  50  pJ  with  2  mJ  overall  pump  energy.  This  device  is  angle 
tunable  from  3.9-4.3  pm.  The  tuning  curve  is  not  in  good  agreement  with  any  of  the 
published  Sellmeier's  equations,  but  appears  to  be  in  rough  agreement  with  unpublished 
data  from  Cleveland  Crystals  Inc.  (Cleveland  OH).  Rough  measurement  suggests  that  the 
beam  quahty  is  approximately  two  times  diffraction  hmited. 

In  this  paper,  tuning  curves,  conversion  efficiencies,  spectra  and  extension  to  high 
repetition  rate,  high  average  power  operation  will  be  presented. 
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Four-wave  mixing  in  optical  fibers  is  an  important  nonlinear  process  which 
has  a  profound  effect  on  optical  communications.  The  mixing  may  cause  some  cross-talk 
problems  in  a  wavelength-division-multiplexing  system.  On  the  other  hand,  the  mixing 
process  is  useful  for  frequency  conversion.  ^  In  this  paper,  we  calculate  the  frequency 
conversion  efficiency  and  discuss  some  related  issues. 

It  is  known  that  two  waves  with  frequencies  coi  and  0)2  in  a  single-mode  fiber  will 
generate  a  new  wave  with  frequency  0)3=2001-0)2  via  partially  degenerate  four-wave 
mixing  (PDFWM).  Four-wave  mixing  in  the  regime  of  no  pump  depletion  has  been 
investigated  by  previous  workers.  For  the  purpose  of  frequency  conversion,  it  is  desirable 
to  maximize  the  power  of  the  newly  generated  wave.  Therefore,  pump  depletion  has  to  be 
taken  into  account.  To  achieve  this,  we  solve  the  coupled  mode  equations  for  four-wave 
mixing  in  single-mode  fibers. 

=  -i2yA*  A2  A3  exp(/A/:i23z)  -  4 

dz  2 

=  -iyAiAiAj  exp(-/Mi23z)  “  “ ^2  ) 

dz  2 

^  =  -/7A1A1AJ  exp(-/A/:i23z)  “  4 

dz  2 

where  a  is  the  absorption  coefficient  of  the  fiber,  7  is  the  nonlinearity  coefficient  ^  of  the 
four-wave  mixing  process  in  the  fiber,  A/:i23  =2ki  -^2  “^3  ^^e  propagation  constant 

difference  describing  the  phase  mismatch  of  the  PDFWM  process,  Aj,  A2  and  A3  are  the 
amplitudes  of  three  waves,  respectively.  Under  the  perfect  phase-matching  conditions 
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Ak  =  0,  the  above  coupled  equations  can  be  solved  exactly.  The  power  of  the  newly- 
generated  wave  is  given  by 

r.  /  N  1  r,  ^  r  ^/ T  +  I  f  ,  , 

P3  (z)  =  -  ^2  (0)  exp(-az) - ^2  / — 7/  f  (2) 

r  |_rcosh  Vr-(-l/-i-l 

where  r  =  2P2(0)  /  Pi(0),  f  =  yPi(0)[l-exp(-az)]/a,  Pj (0)  and  P2 (0)  are  the  powers 
at  z-O  for  coi  and  CO2  respectively,  .  The  power  coupling  as  a  function  of  fiber  length  is 
plotted  in  Fig.  1.  It  can  be  clearly  seen  that  it  is  important  to  choose  the  fiber  length  to 
ensure  the  maximum  conversion.  For  the  typical  parameters  of  the  fused-silica  fibers,  the 
optimum  length  is  around  1/a. 
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Fig.  1  Power  coupling  for  phase  matched  PDFWM  as  a  function  of  the  length  of  a  single-mode  fiber, 

(a)  in  the  absence  of  absorption,  and  (b)  in  the  presence  of  absorption. 

The  phase  matching  condition  is  essential  to  obtain  efficient  conversion.  For 
partially  degenerate  four-wave  mixing,  this  can  be  achieved  by  choosing  the  pump 
frequency  coi  as  the  zero-dispersion  frequency  of  the  fiber.  4  in  addition,  the  frequency 
spacing  of  the  two  original  waves  is  also  an  important  factor  in  determining  the 
conversion  efficiency  to  frequency  0)3.  When  the  spacing  is  small  enough,  another 
frequency,  (U4  =  2c02  -  Cdj ,  can  also  be  generated  because  the  phase  mismatch  is  not 
large  enough  to  prevent  it  from  building  up.  Furthermore,  it  is  also  possible  that 
0)2  and  /  or  (O4  can  also  act  as  new  pump  waves  such  that  new  frequency  components  are 

further  generated.  In  that  case,  Eq.  (1)  should  include  more  terms  describing  these 
'secondary'  four-wave  mixing  processes.  By  solving  them  numerically,  it  turns  out  that 
several  frequency  components  can  be  generated.  It  also  shows  that  even  in  the  absence  of 
fiber  absorption,  the  power  in  the  desired  frequency  CO3  will  be  reduced  or  even  depleted 
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by  the  generation  of  the  new  components.  In  the  presence  of  fiber  absorption,  CO4  can  still 
be  significantly  generated,  as  illustrated  in  Fig.  2.  This  problem  can  be  resolved  by 
increasing  the  frequency  spacing  so  that  the  phase  mismatch  is  large  enough  to  prevent 
these  unwanted  components  from  building  up.  As  illustrated  in  Fig. 3,  when 
AA:213  =  2^2 -^1 -^3  =10‘3,  which  is  equivalent  to  a  frequency  spacing  of  between 

several  hundreds  of  GHz  to  one  THz,  the  generation  of  the  multiple  four-wave  mixing 
processes  can  be  reasonably  neglected. 
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Fig.  2  PDFWM  with  Ak2i3==10'^  forco4 
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Fig.  3  PDFWM  with  Ak2i3=10'^  m'^  forcoa 


In  conclusion,  we  have  investigated  the  efficiency  of  frequency  conversion  via 
partially  degenerate  four-wave  mixing.  We  have  derived  an  analytical  solution  to  the 
partially  degenerate  four-wave  mixing  in  single-mode  fibers  when  multiple  four-wave 
mixing  processes  can  be  neglected.  We  have  shown  that  efficient  conversion  can  be 
achieved  by  carefully  choosing  the  fiber  length  and  the  frequency  spacing  of  the  two 
input  waves. 
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Summary 

Damage  and  yay-tracking  has  been  a  persistent  problem  when  KTP  is  used  to  generate 
hi^  average  power  second  harmonic  from  the  1064  nm  line  of  Nd:YAG  lasers.  The  proximate 
cause  of  this  darkening  has  been  attributed  to  the  change  of  ionization  state  of  Ti'*’^  to  Ti'^S 
which  may  be  induced  by  sufficiently  high  energy  photons.  The  source  of  these  photons  has 
been  a  mystery,  since  sum  frequency  generation  between  1064  nm  and  532  nm  to  produce  UV 
is  not  phase  matched. 

Visual  observation  of  SHG  in  KTP  with  small  beams  at  modest  power  levels  reveals  a  rather 
striking  bri^t  streak  of  yeen  scatta-ing  in  the  crystal.  The  usual  amber  safety  goggles  which 
block  virtually  all  the  532  nm  light  have  no  effect  on  the  appearance  of  the  yeen  scattsing, 
which  must  therefore  be  stokes  shifted.  A  visual  spectroscope  shows  a  line  at  about  553  nm,  or 
a  Raman  shift  of  about  700  cm'T  The  Raman  spectrum  of  KTP  has  such  a  component  at  692 
cnrrT  as  well  as  other  lines  of  lower  energyfl],  shown  in  Fig.  1. 


An  attempt  to  lase  this  Raman  line  in  a  KTP  doubler  aroused  our  susfHdons  that  the  Raman 
process  mi^t  be  implicated  in  KTP  damage.  Althou^  occasional  flakes  of  ejected  stokes 
li^t  were  observed,  they  were  invariably  self-terminating  and  associated  with  bulk  crystal 
catastrophic  ctemage.  We  therefore  explored  the  possibility  that  Raman-shifted  li^t  generated 
in  the  doubling  process  was  phase  matched  to  produce  dama^ng  UV. 

We  use  the  published  Sellmeyer  equations  for  KTP  as  follows: 

nx2-2.1146  +  — - o.0132X^ 

1  _|0.20e61 

ny2  -  2. 1 51 8  +  — ^  -  0.01  Z211? 

1_jQ2ieQLj2 
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ni2- 2.3136  +  — - 0.01679^^ 

^_j0.23831 


The  equation  for  the  index  ellipsoid  is  solved  for  the  drections  0  and 

sin^  (0)cos2  (0)  sin^  (0)sin^  (0)  cos2  (0) 

Q  s  ■  ■'■■■■'  '■  +  .  +  . . - 

x-ni"2  x-n2“2  x-n3“2 

There  sre  two  roots  of  the  equation  which  we  label  x  and  y  for  the  fast  and  slow  pdaizations, 
respectively.  Phase  matching  is  indcated  by  the  roots  of  the  following  equations  which 
represent  Type  II,  Type  I,  and  complementsTy  (inta'changing  the  polerizations  of  the  two 
wavelengths)  Type  II.  respectively. 


“isiw'siJ-’"-’ 

We  select  the  an^es  0  and  0  to  be  90'  and  26’,  respectively.  Fig.  2  shows  that  this  is  indeed 
the  CTitical  phase  match  drection  for  Type  II.  but  also  is  a  Type  I  phase  match  for  1(^  and  590 
nm.  Since  there  is  no  soiree  for  590  nm  radation,  no  UV  is  expected  from  this  interaction. 


Fi^e  2.  Phase  matching  graph  for  1064  nm  source.  P  is  Type  I,  Q  and  R  a'e  Type  II. 
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However.  Raman  shifted  1064  nm  radation  may  exist  in  some  quantity  at  1149  nm  in  KTP. 
Uang  this  as  the  source,  we  see  in  Fig.  3  that  there  is  a  Type  I  phase  match  at  about  550  nm. 
Closer  inspection  shows  this  to  be  about  551  nm.  This  is  remarkaWy  close  to  the  Raman  shifted 
532  nm  harmonic  at  552  nm.  Sum  fre^ency  generation  would  prodice  UV  radiation  at  about 
372  nm.  Since  this  is  a  Type  I  interaction,  it  is  necess^  for  the  a  and  b  wavelengths  to  have 
the  same  polarization  (x).  This  polarization  is  orthogonal  to  the  pola'ization  of  the  second 
harmonic  (y).  However,  Raman  scattered  y-polsrized  light  has  components  in  both  x  and  y  in 
KTP,  so  that  some  552  nm  radiation  exists  in  the  proper  polarization  for  Type  I  SFM.  1149  nm 
lig^t  exists  in  both  polsrizations  because  1064  nm  li^t  is  in  both  polerizations  as  well. 


Figure  3.  Phase  matching  chart  for  1 149  nm  soiree,  or  Raman  shifted  1064  nm. 


It  would  seem,  then,  that  one  would  expect  inadvertent  UV  generation  in  KTP  doublers  from  an 
examination  of  first  principles.  The  smoking  gun,  however,  is  the  observation  of  the  UV  light  at 
the  expected  wavelength  of  372  nm.  The  absorption  of  KTP  at  this  wavelength  is  not  very  great, 
and  one  should  be  able  to  detect  and  measure  its  prcHserties,  inducing  polarization,  with 
relative  ease.  Damage,  or  gray-tracking  from  exposure  to  372  nm  radiation  can  then  be 
established  by  irradiating  the  crystal  in  any  direction  with  an  external  soiree. 
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Introduction 


The  third-order  inter-modulation  distortion  arising  from  the  non-linear  rate  equations  of  a 
directly  driven  laser  diode  of  a  subcarrier  multiplexed  (SCM)  fiber-optic  system  has  been  considered 
by  many  researchers  ll]-(7].  The  inter-modulation  products  that  have  been  considered  are  the  3- 

frequency  distortion  terms  of  the  form  fp  +fr-fq  and  the  2-frequency  distortion  terms  of  the  form 

2fp  -f^.  Cross-modulation  products,  i.e.  distortion  terms  of  the  form  fp  +  -  fp,  have  not  received 

much  consideration.  Cross-modulation  distortion  occurs  when  the  modulation  of  one  carrier  is 
(unintentionally)  transferred  to  another  carrier  resulting  in  intelligible  crosstalk,  as  contrasted  with 
the  unintelligible  crosstalk  that  results  from  inter-modulation  distortion.  We  show  in  this  paper 
that  cross-modulation  distortion  cannot  be  entirely  ignored. 

Theory 

In  a  multichannel  system  comprising  N  carriers,  the  intef-modulation  distortion  (IMD) 
relative  to  a  carrier  of  normalized  frequency,  f  +  RAf,  is  given  for  a  directly  driven  laser  [4], [7]  by: 
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Equation  (1)  may  be  used  to  find  both  the  3-ffequency  and  the  2-ffequency  3rd-order 
intermodulation-distortion-to-carrier-power-ratio  for  any  number  of  carriers.  The  triple-suffixed 
amplitude  term  A'  is  a  complex  expression  dependent  on  the  laser  parameters,  and  is  explained  in 
Equation  (32)  of  [4].  The  term  in  the  first  line  of  Equation  (1)  corresponds  to  the  2-frequency 
products,  and  the  term  in  the  second  line  corresponds  to  the  3-ffequency  products. 

The  cross-modulation  distortion  (CMD)  relative  to  a  carrier  of  normalized  frequency  f  +  RAf , 
obtained  by  using  Equation  (36)  of  [4],  may  be  written  as: 
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It  should  be  noted  that  Equations  (1)  and  (2)  are  valid  for  systems  with  memory  whereas  many 
expressions  reported  in  the  literature  are  strictly  valid  only  for  memoryless  systems,  which  a  laser 
diode  (with  its  dynamic  non-linearity)  is  not.  The  meanings  of  all  the  parameters  in  Equations  (1) 
and  (2)  are  explained  in  [4], 


Analysis  and  discussion  of  results 

We  compute  the  IMD/C  and  CMDIC  ratios  using  Equations  (1)  and  (2)  for  the  following 
laser  parameters.  Optical  wavelength  =  0.835  pm;  threshold  current,  Id,  =  21  mA;  bias  current, 

=  31.5  mA;  volume  of  active  region  x  electron  charge,  =  1.44  x  10“^^  m^C;  photon  lifetime,  Zp  = 
2  ps;  spontaneous  recombination  lifetime  of  carriers,  r„  =  2  ps;  carrier  density  for  transparency, 
Ng„i  =  4.6x10^^  m'^;  optical  gain  coefficient,  gg  -  10'*^  s'*m^;  confinement  factor,  F  =  0.646; 
fraction  of  spontaneous  emission  entering  lasing  mode,  [i  =  10'^;  gain  compression  factor, 
s  =  3.8  X 10'^^  m^;  relaxation  frequency  at  above  bias  current,  =  3.44  GHz. 

The  results  are  given  in  Fig.  1,  where  the  variation  oilMDIC  and  CMD/C  (in  dB)  with  the 
frequency  of  the  first  carrier  is  shown,  for  a  20  channel  system  (A^=20),  with  a  carrier  spacing  Af  of 
40  MHz  and  an  optical  modulation  depth  (OMD)  of  5  %  per  channel.  It  is  noted  that  the  values  of 
these  two  quantities,  whilst  being  a  function  of  frequency  and  having  the  same  general  shape,  are 
not  equal  for  the  two  end  channels  (i?=0  and  19),  this  dis-symmetry  being  due  to  the  fact  that  the 
laser  is  not  a  memoryless  system  [71.  The  difference  in  value  between  IMP  1C  and  CMDIC  shows 
less  variation  with  frequency  than  either  IMD/C  or  CMDIC  :  for  the  centre  channel  (i?=10),  it  is 
about  8.1  dB;  for  end  channel  1  (i?=0)  it  varies  between  4.5  dB  (which  is  quite  low  and  occurs  at  f  ~ 
1.3  GHz)  and  7.3  dB;  and  for  end  channel  20  (/?=19),  it  varies  between  5.8  dB  and  7.3  dB.  [For  a 
memoryless  system,  this  difference  in  value  can  be  calculated  (based  solely  on  the  number  of  IMD 
and  CMD  products)  to  be  6.4  dB  and  8.3  dB  respectively,  for  the  end  and  centre  channels  of  a  20 
channel  system,  and  is  independent  of  frequency.] 

The  peaking  of  the  curves  near  the  relaxation  frequency  (3.44  GHz)  of  the  laser  is  expected. 
It  is  also  noted  that  although  the  centre  channel  (/?=10)  has  the  largest  number  of  distortion 
products,  it  does  not  necessarily  have  the  worst /MD/C  and  CMDIC  values  (e.g.  for  f  <  3.5  GHz). 
This  is  an  interesting  result.  For  a  system  with  a  larger  number  of  channels  (e.g.  A^=40),  the 
difference  between  IMD/C  and  CMDIC  will  increase,  while  for  a  smaller  number  of  channels  (e.g. 
iV=10),  this  difference  will  decrease,  as  is  the  case  for  a  memoryless  system.  In  fact  for  A^=10  and 
Af=40  MHz,  the  difference  between  IMD/C  and  CMDIC  is  only  about  2.2  dB  at  f  ~  1.5  GHz.  Also, 
in  general,  as  the  carrier  spacing  {Af)  increases,  the  variation  with  frequency  of  this  difference 
becomes  larger,  particularly  for  the  end  channels.  These  numerical  results  (graphs)  are  not  shown 
here  due  to  space  limitations.  It  is  seen,  therefore,  that  the  cross-modulation  distortion,  hitherto 
ignored  in  the  literature,  can  be  quite  significant,  especially  for  an  SCM  system  with  a  small 
number  of  channels. 
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Fig.l  Variation  of  CMD-to-carrier  and  IMD-to-carrier  ratios  for  a  20  channel  system 
with  a  40  MHz  carrier  spacing  and  an  OMD  of  5  % 


Conclusion 

Cross-modulation  distortion  (CMD)  arising  from  the  inherent  non-linearity  of  a 
semiconductor  laser  diode  has  been  shown  to  be  important  in  a  multi-carrier  optical  system.  The 
assumption  that  CMD  may  be  ignored  compared  to  inter-modulation  distortion  (IMD),  which  has 
been  the  past  practice,  is  not  always  valid.  It  has  also  been  shown  that  CMD  (and  IMD)  are  not  the 
same  for  the  two  end  channels,  the  dis-symmetry  being  due  to  the  fact  that  the  laser  diode  is  not 
memoryless.  Likewise,  although  the  centre  channel  has  the  largest  number  of  distortion  products, 
it  is  not  always  seen  to  have  the  worst  CMD  (and  IMD),  especially  for  frequencies  less  than  the 
relaxation  frequency  of  the  laser  diode. 
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It  is  a  fundamental  part  of  nonlinear  optics  that  light  beams  in  nonlinear  media  affect  both  their 
own  propagation  and  the  propagation  of  coincident  beams  of  different  wavelength  or  polarisation. 
One  manifestation  of  the  former  effect  is  self  phase  modulation  and  the  formation  of  bright^  and 
dark^  sobtons.  The  latter  effect  (as  cross  phase  modulation)  permits  another  beam  of  lesser  intensity 
to  be  directed  by  these  solitons.  This  guidance  of  light  by  hght  (neatly  explained  by  considering  the 
soliton  as  inducing  a  waveguide  for  the  second  beam)  has  now  been  reahsed  in  the  laboratory.^  The 
mutual  trapping  arising  when  both  beams  have  similar  intensity  has  been  shown  to  lead  to  many 
varieties  of  solitary  wave,'*”®  and  in  particular  to  the  so  called  polarisation  domain  walls  (PDWs), 
localised  structures  separating  regions  of  different  polarisation.*^  All  this  work  has  been  done  in  a 
single  transverse  dimension. 

In  this  paper  we  consider  optical  phenomena  in  two  transverse  dimensions  that  arise  from  nonlin¬ 
ear  coupling  between  two  or  more  copropagating  beams  of  different  wavelengths  in  self  defocusing, 
isotropic  Kerr  media.  We  find  that  the  different  wavelengths  form  distinct,  stable  domain  type  soli¬ 
tary  waves  bordered  by  sharp  domain  walls  that  are  analogous  to  PDWs.  The  domain  structures 
are  investigated  in  several  ways.  First  are  the  stationary  solitary  wave  solutions,  obtained  with  a 
physically  motivated  semi  analytical  approach.  These  solutions  are  composed  of  a  monochromatic 
circular  domain  surrounded  by  a  monochromatic  region  of  a  different  wavelength.  The  stability 
of  these  solitary  waves  is  numerically  demonstrated,  and  then  the  existence  of  steerable  domain 
solitary  waves  is  postulated  and  confirmed.  Finally  simulations  investigating  the  robustness  and 
dynamical  behaviour  of  the  steerable  domains  are  presented. 

Of  interest  are  bulk,  isotropic  materials  with  a  local,  self-defocusing  Kerr  type  nonlinearity,  with 
refractive  index  change  given  by  =  al.  The  evolution  of  a  hnearly  polarised  field  comprising 
two  different  wavelengths  is  governed  by  the  following  coupled  equations:® 
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The  Laplacian  is  taken  only  over  the  polar  transverse  co-ordinates  r  and  (p.  z  is  the  longitudinal 
coordinate.  [f7(r,  z),  V'(r,  z)]  are  the  envelopes  of  the  two  wavelength  components  with  wave  vectors 
[^1,^:2]  and  linear  refractive  indices  [ni,n2]-  The  parameter  a  is  related  to  the  speed  of  response  of 
the  materials.  In  slow  materials  cr  =  1  as  all  wavelengths  see  the  same,  slow  refractive  index  change. 
In  fast  materials  a  =  2.  Although  numerical  methods  are  necessary  to  find  solitary  wave  solutions 
to  these  nonintegrable  equations,  some  physical  insight  can  be  used  to  assist  and  illuminate  the 
numerics. 

We  now  present  a  simple  physical  argument  to  lead  us  to  the  menagerie  of  solutions  that  exist. 
Consider  a  monochromatic  circularly  symmetric  dark  soliton®’®  (known  as  a  ‘vortex’  soliton,  with 
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an  azimuthal  dependence)  to  be  formed  in  u.  It  is  possible  to  use  the  waveguide  induced  by  this 
soliton  to  guide  an  arbitrarily  weak  probe  beam  of  another  wavelength.^  In  this  way  a  bound  state 
that  comprises  both  wavelength  components  is  formed.  One  anticipates  that  when  the  power  in 
the  probe  is  increased  into  the  nonlinear  regime  that  this  bound  state  will  still  exist,  although  the 
profile  of  the  original  soliton  may  be  altered  dramatically  to  accommodate  the  other  component. 

We  propose  the  existence  of  circularly  symmetric  stationary  solutions  of  the  form  U{r^(p,z)  = 
u(r)e*^  ;  V(r,  ip,  z)  =  where  the  envelopes  u  and  v  are  real  functions;  /3i  and 

(52  their  respective  propagation  constants  and  /  and  m  are  the  azimuthal  numbers.  Using  this  ansatz 
we  reduce  the  eqs.  1  to  a  pair  of  real  ode’s  that  can  be  solved  using  standard  shooting  methods.  We 
find  the  four  types  of  solitary  wave  that  correspond  to  permutations  of  /,  m  =  0, 1  .  These  solutions 
exist  only  when  the  wavelengths  are  close  enough  together  to  satisfy  a  ^  >  k‘2nilk\n2  <  cr. 
Solutions  originating  from  vortex  solitons  have  /  =  1,  while  others  beginning  as  monochromatic 
plane  waves  have  I  —  0.  Each  of  these  types  has  a  continuous  range  of  solutions  up  to  the  limit  in 
which  the  central  region  (the  domain  of  the  second  wavelength)  becomes  infinitely  large.  In  this 
limit  the  solutions  represent  wavelength  domain  solitary  waves,  with  a  ring  shaped  domain  wall 
separating  the  two  domains,  and  both  wavelengths  appearing  as  plane  waves  of  amplitudes  Uq  and 
Uo,  where  uq/vq  =  rai/n2. 

The  existence  of  these  domains  relies,  in  effect,  on  a  simple  reversal  of  the  ‘grass  is  greener’ 
philosophy.  Each  field  component  at  a  domain  wall  sees  a  lower  refractive  index  on  the  other  side 
and  is  therefore  happy  to  keep  to  its  own  side  of  the  boundary. 

Like  many  interfaces  in  physics,  the  dynamics  of  these  structures  are  driven  by  an  energy  cost 
per  unit  length  that  is  associated  with  the  domain  walls.  The  systems  therefore  evolve  to  minimise 
the  length  of  the  boundaries,  explaining  the  circular  symmetry  of  the  stationary  states.  Eig.  1 
demonstrates  the  stability  of  the  /  =  0,  m  =  0  solitary  wave,  and  shows  the  system  acting  to 
minimise  the  domain  waU  length. 


Figure  1:  Evolution  of  an  elliptical  domain.  In  light  regions  the  field  is  predominantly  one  wave¬ 
length  component,  in  dark  regions  the  other.  The  final  box  shows  the  field  to  have  evolved  to  a 
circularly  symmetric  /  =  0,  m  =  0  solitary  wave. 

In  order  for  these  new  structures  be  of  practical  use  in  switching  devices,  we  need  to  be  able  to 
direct  the  domains  in  some  way  or  another.  In  particular  we  wish  to  discover  if  there  are  domain 
solitary  waves  analogous  to  grey  solitons:  solitary  waves  that  propagate  unchanged  at  an  angle 
to  the  background  wave.  The  wavefronts  of  the  two  wavelength  components  would  then  be  at  an 
angle  to  one  another,  preventing  the  introduction  of  the  simple  ansatz  used  above. 

We  have  conducted  preliminary  numerical  investigations  into  these  objects  by  launching  altered 
forms  of  the  stationary  solutions:  the  v/avefront  of  the  secondary  field  is  oriented  at  an  angle  to 
the  primary  wavefront.  After  a  transient  radiatory  period,  a  stable  traveling  domain  is  formed. 
This  result  strongly  suggests  that  the  stationary  wavelength  domain  solitary  waves  are  part  of  a 
larger  family  of  steerable  solitary  waves,  in  the  same  way  that  the  black  soliton  is  only  a  part  of 
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Figure  2:  A  collision  between  two  travelling  domains.  The  domains  attract,  spiral  about  each  other, 
then  coalesce  and  eventually  settle  to  form  a  single  stationary  domain  (not  shown). 


the  steerable  grey  soliton  family.  Fig  2  shows  a  collision  between  two  small  domains  that  leads  to 
their  eventual  coalescence,  while  Fig.  3  shows  a  small  domain  annihilating  itself  against  an  infinite 
domain  wall.  These  two  results  clearly  show  that  simple  traveling  domains  can  be  destroyed  by  the 
forces  trying  to  minimise  the  domain  wall  length.  Higher  order  domains,  containing  topologically 
trapped  ‘vortex’  nodes  may  prove  to  be  more  robust. 

In  conclusion  we  have  presented  a  preliminary  study  of  wavelength  domains,  both  as  stationary 
sohtary  wave  solutions  and  as  dynamically  evolving  structures. 
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Figure  3:  The  collision  of  a  circular  travelling  domain  with  a  quasi-infinite  domain  wall.  The 
behaviour  is  strikingly  reminiscent  of  a  bubble  at  the  surface  of  a  liquid. 
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The  effects  of  the  nonlinear  refractive  index  as  a  discriminant  between  the  lowest 
order  (TEMoq)  tnmsverse  mode  stability  in  the  passively  modelocked  and  cw  operating 
modes  of  tunable,  solid  state  laser  crystals  like  Ti:Sapphire  and  Cr3+  or  doped 
materials,  have  recieved  much  recent  attention  [1].  This  attention  has  focussed  primarily 
on  the  intensity  dependent  focal  power  in  the  laser  crystal  due  to  the  (mostly)  nonresonaist 
^2  and  the  peajr  inteasiry  of  fee  oscillating  resorsator  mode.  In  tills  report  we  extend  these 
studies  to  mclude  resonant  and  nonresonant  effects  due  to  a  synchronous  pump  laier, 


and  to  examine  the  possibility  that  the  ma.gnituds 


signs. 


and  time  deperidences  of  the 


pump  and  oscillating  wavelength  ni  effects  could  be  manipulaied  to  discrimiBate  betw-een 
active  versus  passive  modelcc'dng  of  the  tunable  laser  output,  as  v/ell  as  between  cvv  and 
passive  modelocked  operation.  Active  modelccking  would  reduce  or  eliminate  the  need 
for  opto-mechanical  optical  path  stabilization  between  the  pump  and  tunable  laser,  and 
enable  wave-mixing  experiments/devices  such  as  fs  CARS  or  broadly  tunable  fs  OPO/OPA 
systems.. 


P2 


FI:  790-940  nm  HR;  F2:  7%  Output  Coupler;  Ml:  790-940  nm  HR,  532  nm  HR,  10  cm 
radius;  M2:  790-940  nm  HR,  10  cm  radius;  P^  2-  Schott  F2  glass  Brewster  prisms 
201  2:  beam  included  angles  at  Ml  2;  A:  Variable  slit;  T:  =0.2  mm  quartz  tuning  plate 

Figure  1.  Ti:Al203  laser  resonator  configuration 

Our  approach  to  the  simulation  of  the  resonator  shown  in  Fig.  1  is  to  first  establish 
the  stability  behavior  of  the  passive  resonator  with  respect  to  resonator  symmetry  and 
compensation  of  passive  aberrations  through  the  positions  and  orientations  of  the  focusing 
optics,  excluding  the  n2  of  the  laser  crystal.  For  all  cavity  calculations,  the  ABCD  matrix 
method  was  used  [2].  The  invariant  parameters  input  to  the  ray  transfer  matrix  simulation 
are  the  radii  of  curvature  for  the  front  surface  mirrors  Fj  2  (  ^1,2  ( 
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concave  ),  the  length  (  1  cm. )  and  refractive  index  (  1.76  )  of  the  parallel  Brewster  faced 
TirSapphire  crystal.  The  variable  parameters  are  the  tilt  angles  of  Mj  2  distances 

between  the  curved  mirrors  Mj  and  M2,  and  the  optics  and  M2,  F2  and  Mj, 
designated  Lj  and  L2  respectively.  The  resonator  arm  defined  by  the  distance  L2  contains 
the  Brewster  prisms  Pj  2  (Schott  F2  glass)  for  compensation  of  group  velocity  dispersion 
in  the  experimental  laser.  These  elements  were  omitted  from  the  simulations  presented 
here  because  the  aberrations  induced  by  them  is  negligible. 

The  results  of  the  ray  transfer  matrix  simulation  of  the  passive  resonator  in  figure  1 
for  an  asymmetric  cavity,  where  and  L2  are  56.4  and  128  cm.  respectively,  revealed  a 
branched  stability  diagram  for  the  fundamental  transverse  mode  as  a  function  of  the  Mj- 
M2  mirror  spacing  in  both  the  tangential  and  sagittal  planes  (data  not  shown). 
Furthermore,  the  manipulations  of  adjusting  the  spacing  and  tilt  angles  of  the  curved 
mirrors  M^  and  M2,  in  order  to  compensate  for  aberrations  due  to  the  Brewster-faced 
laser  rod  and  front  surface  mirrors,  resulted  in  the  prediction  of  unique  values  of  these 
parameters  for  generating  a  symmetric  mode  at  the  flat  mirrors  Fj  2»  provided  an 
ahgnment  diagnostic  for  setting  them  which  we  verified  experimentally.  We  then  added  the 
laser  crystal  1*2  to  the  simulation  in  order  to  examine  the  cw  versus  riKxlelocked 
discriminant  imposed  by  the  laser  rod  Kerr  lens. 

Many  techrtiques  have  been  implemented  in  order  to  simulate  the  behavior  of  the 
crystal  nonlinearity  [3].  Most  of  them  are  based  on  the  quadratic  duct  method,  [2],  and  do 
not  treat  specifically  the  case  of  elhptical  beams  except  for  [1]. 

Bridges,  et.  al.  [1];  however,  show  that  this  ellipticity  leads  to  nonlinear  coupling 
between  the  tangential  and  sagittal  mode  radii  and  significantly  alters  their  characteristics, 
which  we  have  confirmed.  Our  analysis  follows  after  that  described  in  [1]  where  the 
nonlinear  medium  is  divided  into  n  segments. 


Z  Position  in  Crystal  (cm) 


Figure  2.  Sagittal  mode  propagation  in  TirSapphire  crystal  for  elliptical  cw  mode,  elhptical 
modelocked  mode  with  and  without  x-y  coupling. 


Figure  2  summarizes  the  propagation  of  the  laser  mode  through  the  Ti:Al203 
crystal  (n  =10(X))  in  the  sagittal  and  tangential  planes  for  an  average  output  power  of  0.48 
W  and  a  pulse  duration  of  40  fs  when  the  nonhnear  refractive  index  is  included.  The 
osciUatory  behavior  near  the  focus  is  a  direct  result  of  the  nonhnear  coupling  between  the 
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tangential  and  sagittal  mode  radii  through  the  112  of  the  laser  crystal.  If  this  coupling  is 
removed,  or  the  mode  made  symmetric,  the  beam  exhibits  catastrophic  seif-focusing  and 
collapses  to  the  axis,  a  behavior  that  is  often  predicted  by  non-coupled  approximadons  [4]. 
The  convergence  of  tills  simuladon  of  the  laser  rod  focal  power  due  to  the  M2  Kerr  lens 
effect  is  critically  dependent  upon  the  values  of  the  mode  psxameters  at  ilis  n  segtiient 
boundaries,  and  hence  the  value  of  n.  This  dependence  is  shov/n  in  figure  3,  where  the 
average  output  power  of  the  laser  is  0.50  W  at  a  40  fs  pulse  duration. 


1000  Segments  20000  Segments 


Figure  3.  Propagation  of  the  elliptical  resonator  mcde  through  the  TirSapphire  laser 
crystal  divided  into  1000  segments  (left)  and  20,000  segments  (right). 

The  convergence  of  this  calculation  of  the  lens  properties  of  the  laser  crystal  is  crucial  to 
the  accurate  ABQD  simulation  of  the  mode  behavior  elsewhere  in  the  resonator,  and  hence 
to  the  resulting  discrimination  between  cw  and  modelocked  operation.  The  results  of  these 
simulations,  suitably  modified  to  account  for  thermal  and  nonresonant  112  effects  due  to 
the  pump  mode  and  the  effects  of  quadratic  dispersion  [5,6],  will  be  presented  in  support 
of  experimental  performance  data  on  the  synchronously  pumped  resonator  depicted  in 
figure  1,  which  generates  tunable,  <  40  fs  pulses  at  average  powers  of  approximately  0.6 
W  (5  W  pump). 
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Although  continuous-wave  (cw)  fiber  experiments  were  among  the  very  first  squeezed-light  demonstra¬ 
tions,  only  0.58  dB  of  quadrature-noise  reduction  has  been  seen  to  date  in  such  configurations  [1].  Significant 
advantages  accrue  in  fiber  squeezing  if  the  cw  pump  is  replaced  by  a  periodic  stream  of  short  pulses.  Pulsed 
squeezing  in  fibers  has  produced  over  5  dB  of  noise  reduction  in  a  fiber  loop-mirror  Mach-Zehnder  interferom¬ 
eter  (MZI)  [2].  This  value,  however,  does  not  approach  the  fundamental  limit  on  fiber  squeezing,  which  stems 
from  the  finite  time-constant  of  the  quantum  Kerr  interaction  [3].  For  a  50m-length  standard  single-mode 
silica  fiber  the  fundamental  limit  is  expected  to  lie  near  18  dB  of  squeezing.  In  the  pulsed  MZI  configu¬ 
ration,  with  a  pump  pulse  whose  temporal  distribution  is  Gaussian,  the  time-dependent  phase-orientation 
and  eccentricity  of  the  homodyne-detection  noise  ellipse  limits  the  observed  squeezing  [4].  Indeed,  because 
these  experiments  use  the  bright- fringe  output  from  the  loop-mirror  MZI  as  their  homodyne-detection  local- 
oscillator  (LO)  beam,  they  can  produce  only  8.73  dB  of  noise  reduction  under  the  most  ideal  conditions.  In 
this  paper  we  shall  show  that  the  preceding  Gaussian-pulse-profile  limit  on  fiber  squeezing  can  be  circum¬ 
vented  via  LO  pulse  compression. 

Squeezed-state  generation  in  optical  fiber  is  usually  described  by  instantaneous-interaction,  quantum 
four- wave  mixing  (FWM).  However,  a  quantum  theory  for  propagation  in  fiber  must  include  a  Kerr-effect 
time  constant  if  the  correct  classical  limit  of  self-phase  modulation  (SPM)  is  to  be  recovered.  Both  quantum 
FWM  and  classical  SPM  can  be  obtained,  within  their  respective  regions  of  validity,  from  a  coarse-grained 
time  quantum  theory — with  ric-second  granularity — for  propagation  in  lossless,  dispersionless  single-mode 
fiber  subject  to  the  Kerr  effect  [3].  All  fiber-squeezing  experiments  performed  to  date  have  operated  in 
the  FWM  limit.  However  it  appears  that  the  transition  zone — wherein  the  predictions  of  the  FWM  theory 
begin  to  diverge  from  those  of  the  full,  coarse-grained  time  quantum  SPM  theory — may  be  experimentally 
accessible. 

For  cw  coherent-state  inputs,  both  the  FWM  and  SPM  theories  imply  frequency-independent  homodyne 
spectra  out  to  frequencies  comparable  with  [3].  Similar  behavior  obtains  for  repetitively-pulsed,  coherent- 
state  pumps  if  the  low-frequency  spectra  are  calculated  from  individual  pulses  as  follows.  The  minimum 
normalized  (shot-noise  level  =  1)  homodyne-measurement  noise  level,  for  a  coherent-state  input  field  EiN{t), 
is  given  by 

Smin{Q)  =  1  +  2(4”^:r(0)  -  l4ur(0)l)-  (1) 

where  S'^y,(0)  is  the  normally-ordered  output-noise  spectrum 


r  {KLf  Jf^^dt\ELo{t)?\EiN{t)\\  FWM 

^ouri^)  —  S 

[  tk  JZ.dt\ELo{mEiN{t)\^l  -  eM‘^Re[iR]\EiN{t)\^])  ,  SPM, 
^ouxi^)  phase-sensitive  output-noise  spectrum, 

r  iKLjf°^dtEll{t)E]^{t){l  +  iKL\EiN{t)\^)exp{2iKL\EiN{t)\^),  FWM 

^ouri^)  —  ) 

[  tk  JZo  di  El%(t)Ejj,{t)  (exp[2zi?'|£;,;^(t)|2  +  *0^]  -  exp[2zA|.F/;^(t)|2])  ,  SPM 
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and  Eioit)  is  the  normalized  (J^dt  |i?Lo(t)P  =  1)  temporal  profile  of  the  local  oscillator.  The  classical 
nonlinear  phase  shift  at  time  t  is  (pd^)  =  for  an  Tm-long  fiber,  and  iR  =  [exp(f0g)  ^  1]tx, 

2iR'  =  [exp{i2(f)q)  ~  1]tk,  with  cpg  =  kL/tk  being  the  nonlinear  phase  shift  for  a  single  photon  in  a  tk- 
second-duration  mode.  In  the  calculations  that  follow  we  will  employ  a  normalized  fiber  length  Lk  = 
and  a  normalized  input  power  Nk  =  \EiN{d)\^TK /hu.  Because  we  use  photon-units  field  operators,  Nk  is 
the  average  number  of  input  photons  in  a  T^-second-duration  mode.  Note  that  the  peak  classical  nonlinear 
phase  shift  is  (pc  =  2ttNkLk- 

In  loop-mirror  fiber-squeezing  experiments  the  MZFs  bright-fringe  output  pulse — augmented  with  an 
adjustable  phase  bias — is  used  as  the  LO  pulse  for  homodyne  detection  of  the  MZFs  dark-fringe  output. 
Figure  1  shows  the  theoretically  predicted  performance  of  the  ideal  device  with  Lk  =  10“®  (L  «  25  m, 
for  tk  =  1  fs)  for  both  square  and  Gaussian  pump  pulses.  The  square  pulse,  which  is  equivalent  to  cw 
operation,  yields  optimum  squeezing  performance;  in  the  FWM  theory  a  square-pulse  input  yields  unlimited 
squeezing  as  Nk  grows;  in  the  SPM  theory  the  square-pulse  input  reaches  the  fundamental  squeezing  limit  of 
w  -20  dB.  On  the  other  hand,  a  Gaussian  pulse,  even  in  the  FWM  theory,  shows  squeezing  limited 
to  Smin{0)  =  1  -  V^/2  w  -8.73 dB.  This  Gaussian-pulse  FWM  result  does  not  improve  with  increased  fiber 
length  or  input  power.  The  SPM  theory  is  slightly  worse;  for  the  case  shown  it  has  the  characteristic  upturn 
just  before  it  reaches  the  FWM  theory’s  noise  minimum. 

The  Gaussian-profile  pump  pulse  creates  a  time-varying  orientation  and  eccentricity  to  the  dark-fringe’s 
squeezing  ellipse.  As  a  result,  when  the  bright-fringe  pulse  is  used  as  the  homodyne-detection  LO,  the 
observed  squeezing  suffers  for  two  reasons.  First,  the  low-noise  quadrature  of  the  dark  fringe  is  not  sampled 
at  all  time  instants.  Second,  even  with  sampling  at  the  correct  phase  shift,  the  degree  of  dark-fringe  squeezing 
varies  during  the  pulse  with  (in  FWM)  the  strongest  squeezing  occurring  at  the  pulse’s  peak.  With  LO  pulse 
compression,  however,  both  of  these  effects  can  be  ameliorated.  In  particular,  a  shorter  LO  pulse  will 
encounter  a  smaller  phase  rotation  of  the  dark-fringe’s  low-noise  quadrature,  and  it  can  be  arranged  to 
sample  only  the  strongest  squeezing  on  dark-fringe  output.  Figure  2  shows  the  expected  squeezing  for  two 
possible  approaches  to  LO  pulse  compression;  (1)  when  the  LO  pulse  is  a  transform-limited  Gaussian  whose 
duration  is  a  factor  of  r  shorter  than  that  of  the  input  pulse;  and  (2)  when  the  LO  pulse  is  the  transform- 
limited  Gaussian  obtained  by  grating-pair  pulse  compression  of  the  Gaussian  pulse  produced  by  propagating 
the  pump  pulse  through  nL  meters  of  fiber.  The  former  could  be  realized  by  splitting  the  output  from  a 
femtosecond  laser,  using  one  part  for  the  LO,  and  spectrally  shaping  the  remainder  to  produce  a  much  longer 
pump  pulse  for  the  loop-mirror  MZI.  The  latter  could  be  realized  by  passing  the  MZFs  bright-fringe  output 
into  an  auxiliary  fiber  of  appropriate  length  and  then  grating-pair  compressing  the  resulting  output  to  create 
the  LO. 

As  seen  in  Fig.  2,  neither  the  r  =  10  nor  the  n  =  1  cases  offer  any  enhancement  of  the  observed  squeezing. 
In  fact,  both  perform  worse  than  using  the  bright-fringe  output  as  the  LO,  whose  behavior  is  shown  by  the 
curve  labeled  “Output  LO.”  On  the  other  hand,  for  r  —  100  and  for  n  =  2,  3  there  is  significant  improvement 
over  the  standard  bright- fringe  LO. 

To  quantify  how  these  results  vary  with  fiber  length,  we  show,  in  Fig.  3,  the  maximum  attainable  squeezing 
Sopt  =  -101og{min^J5^f„^(0)]}  versus  normalized  fiber  length.  Figure  3  also  plots  the  classical  nonlinear 
peak  phase  shifts  at  which  these  optimum  squeezing  values  occur.  The  squeezing  enhancements  resulting 
from  a  compressed  LO  are  for  the  most  part  fiber-length  insensitive  until  they  asymptotically  approach  the 
fundamental  limit  set  by  the  square  pulse. 


References 

[1]  R.M.  Shelby,  M.D.  Levenson,  R.G.  DeVoe,  S.H.  Perlmutter,  and  D.F.  Walls,  Phys.  Rev.  Lett.  57,  691 
(1986). 

[2]  K.  Bergman  and  H.A.  Haus,  Opt.  Lett.  16,  663  (1991). 

[3]  L.J.  Joneckis,  and  J.H.  Shapiro,  J.  Opt.  Soc.  B  10,  1102  (1993). 

[4]  M.  Shirasaki,  and  H.A.  Haus,  J.  Opt.  Soc.  B  7,  30  (1990). 


348 


Nk 


Fig.  1.  Minimum  low-frequency,  homodyne-measurement 
noise  spectra  for  a  coherent-state  input  to  a  fiber  length 
Lk  =  10  ®  (L  Ri  25  meters  for  =  1  fs)  versus  normal¬ 
ized  input  power  for  square  and  Gaussian  pulses.  The  solid 
curves  are  the  coarse-grained  time  SPM  theory;  the  dashed 
curves  are  the  instantaneous-interaction  FWM  theory. 


Nk 


Fig.  2.  Minimum  low- frequency,  homodyne-measurement 
noise  spectra  for  a  coherent-state  input  to  a  normalized 
fiber  length  Lx  =  10~®  versus  normalized  input  power  for 
Gaussian  pulses  with  transform-limited,  compressed  local 
oscillators.  The  r  —  10, 100  curves  are  for  LO  pulses  which 
are  r-fold  compressions  of  the  pump  pulse.  The  n—  1,  2,  3 
curves  are  for  LO  pulses  which  are  ideal,  grating-pair  com¬ 
pressions  of  the  pump  pulse  after  it  has  propagated  through 
a  fiber  of  normalized  length  nLx-  Also  shown,  for  purposes 
of  comparison,  are  the  two  SPM  curves  shown  in  Fig.  1. 
The  horizontal  line  at  zero  ordinate  is  the  shot-noise  limit. 


Lk 

Fig.  3.  The  SPM  theory’s  optimum  squeezing  factor,  Sopt(Lx),  and  the  corresponding  classical  nonlinear  phase  shift,  </iopt, 
versus  normalized  fiber  length.  The  r  =  10, 100  curves  are  for  LO  pulses  which  are  r-fold  compressions  of  the  pump  pulse.  The 
n  =  2,  3  curves  are  for  LO  pulses  which  are  ideal,  grating-pair  compressions  of  the  pump  pulse  after  it  has  propagated  through 
a  fiber  of  normalized  length  nLx-  The  square-pulse  curve  represents  the  SPM  theory’s  fundamental  limit  on  fiber  squeezing. 
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Parametric  interactions  in  crystals  have  proven  to  be  rich  sources  of  nonclassical  light-beam  phe¬ 
nomena:  squeezed-state  generation  using  an  optical  parametric  amplifier  (OPA),  photon-twins  production 
from  an  optical  parametric  oscillator  (OPO),  and  fourth-order  interference  experiments  using  signal  and  idler 
beams  from  a  parametric  down  converter.  Satisfactory  quantum  theories  for  all  of  the  preceding  nonclassical 
light-beam  phenomena  are  available,  but  a  unified  formalism  encompassing  them  all  has  yet  to  appear.  In 
particular,  both  OPA  squeezing  and  OPO  twin  beams  are  easily  understood  in  terms  of  their  field-quadrature 
spectra,  but  fourth-order  interference  is  generally  treated  via  correlated,  single-photon  wave  packets.  More 
importantly,  whereas  the  well-known  semiclassical,  “shot-noise”  limits  of  optical  homodyne  detection  and 
differenced  direct  detection  provide  clear-cut  boundaries  beyond  which  purely  quantum  phenomena  can  be 
claimed  in  OPA  and  OPO  experiments,  the  corresponding  semiclassical  bounds  on  fourth-order  interference 
are,  we  believe,  not  widely  appreciated.  In  this  paper  we  explore  semiclassical  and  quantum  descriptions  of 
fourth-order  interference  that  are  built  upon  classical  and  quantum  Gaussian-state  models  for  the  signal  and 
idler  outputs  from  a  parametric  down  converter  [1].  Our  approach  unifies  the  analysis  of  fourth-order  inter¬ 
ference  with  those  for  squeezing  and  photon  twins.  It  also  demonstrates  that  a  purely-quantum  fourth-order 
interference  effect  can  be  claimed  at  fringe  visibilities  substantially  below  the  commonly  accepted  threshold 
of  50%.  We  start  with  a  pair  of  models — one  quantum  and  one  classical — for  the  signal  and  idler  fields 
produced  by  parametric  down  conversion. 

Quantum  Field  Model 

Let  Es{t)  and  Ei{t)  be  the  positive- frequency  signal  and  idler  field  operators,  respectively,  at  the  output  of 
the  parametric  down  converter.  These  operators  commute  with  each  other  (and  with  each  other’s  adjoint) 
and  individually  satisfy  the  usual  ^-function  commutator  rule.  The  joint  density  operator  for  the  signal  and 
idler  is  a  zero-mean-field  Gaussian  state  which  is  completely  characterized  by  the  following  normally-ordered 
and  phase-sensitive  correlations  for  j  =  S,  I  and  k  =  S,I: 

(Fj(t-fr)Ffe(t))  =  exp(fu;jT)  y  ^ 

{Ej{t  +  T)Ek{t))  =  (1  -  5jfc)expH(wpt -1- Wjt)]  v^'P(w)[F(w) -f  (2) 

where  are  the  center  frequencies  of  the  signal  and  idler  beams,  6jk  is  the  Kronecker  delta  function  and 

V{ij)  >  0  is  the  common,  signal  and  idler  spectrum.  We  shall  assume  that  T’(w)  is  an  even  function  of  w,  and 
we  note  that  a  frequency-dependent  phase  factor  could  be  included  inside  the  integral  in  the  phase-sensitive 
correlation. 

Classical  Field  Model 

The  classical  field  model  that  most  closely  mimics  the  preceding  quantum  model  corresponds  to  classically- 
random,  positive- frequency,  photon-units  signal  and  idler  fields,  Es{t)  and  Ej(t),  respectively.  These  fields 
comprise  a  pair  of  zero-mean,  complex-valued,  jointly-Gaussian  random  processes,  which  are  completely 
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characterized  by  the  following  normally-ordered  and  phase-sensitive  correlations  for  j  =  5, /,  and  k  =  S,  I: 

{E*{t  +  T)Ek{t))  =  6jkexp{-icjjT)  (3) 

{Ej{t  +  T)Ek{t))  =  il-6jk)Gxp[-i{ujpt  +  LjjT)]  (4) 

where  the  angle  brackets  now  denote  classical  ensemble  average,  instead  of  quantum  average. 

When  the  preceding  quantum  and  classical  field  models  are  used,  respectively,  in  conjunction  with  stan¬ 
dard  quantum  and  semiclassical  theories  of  photodetection  it  is  a  simple  matter  to  derive  the  following  results 
for  squeezing,  photon  twins,  and  fourth-order  interference. 

Quadrature-Noise  Squeezing 

For  a  degenerate  parametric  down  converter — one  whose  signal  and  idler  frequencies  coincide  unity  quan¬ 
tum  efficiency  homodyne  detection  of  the  50/50  combination  of  the  signal  and  idler  beams  yields  a  phase- 
sensitive  photocurrent  noise  whose  spectrum  at  the  optimum  (noise-minimizing)  local-oscillator  (LO)  phase 
is  „ 

/  r  _  _ -[  ^ 

Q^Plo  Vd+P(w)  -  vP(a;)  ,  quantum  theory, 

SmM  =  <  ^  (5) 

q^PpOi  semiclassical  theory. 

where  Plo  is  the  local  oscillator’s  photon  flux,  and  q  is  the  electron  charge.  Thus,  the  semiclassical  noise- 
level  always  equals  or  exceeds  the  shot- noise  limit,  Q^PlOi  whereas  the  quantum  theory  can  have  noise  lower 
than  the  shot-noise  limit. 

Photon  Twins 

When  the  signal  and  idler  beams  from  a  parametric  down  converter  are  separately  detected  by  unity  quantum 
efficiency  photon  counters,  the  signal— idler  photon  count  difference  over  a  T-sec-duration  interval  is  a  zero- 
mean  random  variable,  ANp,  whose  variance  obeys 

(AiV2)/T  =  2P,  for  all  T,  (6) 

in  the  semiclassical  theory,  whereas  the  quantum  theory  predicts 


{AN^)/T- 


2P,  as  AojT  0 
0,  as  AlvT  — »  oo. 


where  2P  is  the  signal -f  idler  average  photon  flux  from  the  down  converter — and  hence  the  shot-noise  limit  for 
this  measurement — and  Aw  is  the  common  signal/idler  fluorescence  bandwidth.  Thus,  the  semiclassical  per- 
unit-time  photocount  variance  is  always  shot-noise  limited,  but  the  quantum  expression  drops  substantially 
below  this  limit,  once  the  counting  interval  is  long  enough  to  sense  the  nonclassical  entanglement  of  the 
signal  and  idler  beams. 

Fourth-Order  Interference 

The  recent  dispersion-cancellation  experiment  of  Steinberg,  Kwiat,  and  Chiao  [2]  has  a  simple  explanation  in 
our  Gaussian-state  formalism.  Their  data  shows  a  pronounced,  transform-limited,  fourth-order  coincidence- 
rate  dip  at  zero  delay  when  the  signal  beam  from  a  nondegenerate  parametric  down  converter  is  dispersed, 
delayed  and  50 /50  combined  with  the  down-converter’s  idler  beam  prior  to  photodetection.  Our  formalism 
gives  the  following  predictions  for  C{T\Tg),  the  coincidence  rate  as  a  function  of  delay  T,  in  the  Steinberg, 
Kwiat,  and  Chiao  experiment: 


C{T-t,)  = 


P  {^PTg  -f  2“i  [l  -  exp(-Aw2r2/2)] }  ,  quantum  theory 

^/PP'^Tg  {l  -b  (2AwTg)“i  [l  -  exp(-Aw2T^/4)] }  ,  semiclassical  theory 


where  Tg  is  the  coincidence  gate’s  duration.  This  result  assumes  that  P(w)  is  a  Gaussian  spectrum,  and 
that  operation  is  in  the  low-photon-flux  regime,  with  Tg  >  T  and  AwTg  >  1;  these  conditions  prevail  in  the 
Steinberg,  Kwiat,  and  Chiao  experiment. 
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Both  the  quantum  and  semiclassical  formulas  show  complete  dispersion  cancellation  in  the  transform- 
limited  widths  of  their  minima  at  T  =  0.  Note  that  there  is  nothing  intrinsically  quantum  mechanical 
about  this  dispersion  cancellation.  Its  origin  is  easily  traced  to  the  fact  that  the  four  correlation  functions 
appearing  in  bowels  of  our  calculations  are  dispersion-broadened,  chirped-Gaussian  functions.  The  negative 
contributions  to  that  give  rise  to  the  coincidence-rate  dip  derive  from  signal/idler  cross-terms  which,  when 
integrated  over  the  Tg-sec  gate  interval,  behave  like  the  matched-filter  pulse  compressors  found  in  chirped- 
pulse  radar  systems. 

For  the  low  photon-fluxes  prototypical  of  parametric  down  conversion,  nanosecond  gate  durations  will 
give  Pxg  <C  1,  hence  the  T  =  0  coincidence-rate  dip  in  the  quantum  theory  constitutes  an  essentially 
100%-visibility  white-light  fringe,  viz.,  we  have  that 

m^[C'(r;  Tg)}  -  imn[C{T;Tg)] 

^  ~  ^^[C{T;Tg)]+mm[C{T;Tg)] 

=  1/[1  +  A-J^PTg]  «  1,  for  PTg  -C  1 


(9) 

(10) 


In  the  semiclassical  model,  however,  the  white-light  fringe  at  T  =  0  is  completely  masked,  i.e.,  we  have  that 

7  =  1/[1  +  4A(urg]  1,  for  >  1.  (11) 

Thus,  a  Steinberg,  Kwiat,  and  Chiao  dispersion-cancellation  experiment  that  is  performed  on  Gaussian- 
state  light  in  the  low-photon-fiux  regime  can  be  said  to  show  a  nonclassical  effect  even  with  fringe  visibilities 
substantially  less  than  50%. 

Restricting  our  semiclassical  vs.  quantum  fringe-visibility  comparison  to  Gaussian-state  light  is  very 
reasonable.  As  shown  in  [1],  this  restriction  includes  the  only  classical-field  model  that  reproduces  all 
the  signal-only  and  idler-only  photodetection  statistics  of  the  quantum  model.  Nevertheless,  let  us  briefly 
address  the  non-ergodic  classical-field  model  which  prior  studies  have  asserted  yields  50%  fourth-order  fringe 
visibility. 

In  lieu  of  our  classical  field  model,  we  now  assume  that  Es{t)  and  Ei{t)  are  classically-random,  positive- 
frequency,  photon-units  signal  and  idler  fields  obeying 

Esit)  =  i/Pexp[-f(w5 -l-(Z')t  -  f0],  (12) 

Ei{t)  =  '/Pexp[—i{uJi—u>)t  +  id],  (13) 

where  Q  and  d  are  statistically-independent  random  variables,  with  the  former  being  Gaussian  with  mean 
zero  and  variance  Atu^,  and  the  latter  being  uniformly  distributed  on  [0,27r].  This  model  is  not  ergodic, 
but  if  u!  and  9  are  made  slowly-varying  functions  of  time,  we  can  still  use  an  ensemble  average  analysis  as 
representative  of  a  real,  time-average  measurement. 

Continuing  our  assumption  that  AtoTg  ^  1  holds,  we  find  that  the  non-ergodic  classical  field  model 
predicts  a  low-photon-flux  regime  coincidence  rate  given  by 


C{T-,Tg)=P^V^Tg 


1  -  {s/SAuiTg)  ^  exp(-T^/4Tg ) 


(14) 


This  result  is  very  different  from  the  low-photon-flux  quantum  behavior  we  exhibited  earlier.  First  of  all,  the 
peak  coincidence  rate  is  proportional  to  not  to  P.  Second,  the  dip  at  T  =  0  is  coincidence-gate  limited, 
not  transform  limited.  Finally,  the  fringe-visibility  is  much  smaller  than  50%.  Indeed,  the  non-ergodic 
model’s  fringe  visibility  is  similar  to  that  found  earlier  for  our  Gaussian-state  classical-field  model. 
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SUMMARY 


There  are  several  known  gas  phase  laser  ignition  mechanisms  which  are  thermal  (laser  heating  of  the  gases), 
photochemical  (laser  photolytic  production  of  radicals  which  are  important  in  exothermic  chemical  reactions),  non¬ 
resonance  spark  formation  (laser  gas  breakdown)  and  resonance  microplasma  formation  (wavelength-specific  formation 
of  a  spark  through  photochemical  processes).  The  ignition  process  depends  on  the  deposition  of  a  minimum  energy 
(Calcote,  et  al.,  1 952)  that  is  sufficient  to  achieve  self  propagation  of  the  flame  front  when  the  ignition  source  is  removed. 
The  form  and  rate  of  energy  input  into  the  combustion  process  can  also  influence  the  success  of  the  ignition  event  (Lavid, 
et  al.,  1986).  Recent  ignition  work  in  reactive  gas-phase  mixtures  illustrates  that  the  operating  wavelength  of  the  laser 
(particularly  in  the  ultraviolet  UV)  can  determine  the  potential  for  photochemistry  to  occur  (Chou,  et  al.,  1991;  Lavid,  et 
al.,  1985;  Lucas,  et  al.,  1987;  Maas,  et  al.,  1986,  Raffel,  et  al.,  1986,  Porch,  et  al.,  1991;  Porch,  et  al.,  1990,  Porch, 
et  al.,  1 987,  Porch,  et  al.,  1 986).  This  work  has  lead  to  the  development  of  a  new  ignition  method  called  resonant  laser 
microplasma  ignition  (Porch,  et  al.,  1991;  Porch,  et  al.,  1990,  Porch,  et  al.,  1987,  Porch, et  al.,  1986)  .  Wavelength 
specific  multiphoton  laser  photolytic  and  excitation  processes  create  excess  populations  of  radicals,  ions,  electrons  and 
reactive  species  which  enhance  ignition.  In  our  previous  gas-phase  investigations  a  tunable  laser  system  was  used  to 
ignite  premixed  reactive  gaseous  flows  of  Hj/Oj,  Hj/NjO,  and  Dj/Oj.  It  was  found  that  UV  laser  photolysis  of  either  fuel 
or  oxidizer  molecules  produced  H  and  O  radicals  which  could  be  resonantly  photoexcited  and  photoionized  to  produce 
a  laser  microplasma  of  sufficient  intensity  to  achieve  ignition.  The  amount  of  incident  laser  energy  (ILE)  that  was 
required  to  ignite  the  mixtures  was  found  to  be  a  minimum  at  wavelengths  which  correspond  to  the  location  of  two- 
photon  excitation  transitions  (Pigure  1.  (a.-b.))  of  atomic  hydrogen  and  atomic  oxygen  near  243  nm  and  226.6  nm 
respectively. 

The  ignition  mechanism  consists  of  three  concurrent  processes  which  occur  during  a  single  ca.  1 0  ns  laser  pulse:  1 .) 
photodissociation  of  the  fuel  or  oxidizer  component  to  produced  ground-state  H  or  O  atom;  2.)  resonant  two-photon 
excitation  of  the  atoms  and  photoionization  to  produce  free  electrons;  3.)  resonance  formation  of  a  laser-produced 
microplasma  which  serves  as  an  ignition  source.  Specifically,  photodissociation  of  or  NjO  produces  ground  electronic 
state  oxygen  2p‘'  (^Pj ,  o)  which  are  the  well-known  three  ground-electronic  spin-orbit-split  states.  The  ground  state  fine 
structure  components  are  well  separated  (the  three  ground  state  fine  structure  components  are  a  triplet  and  are  spaced 
at  relative  energies  of  0,  168.6  and  226.6  cm  ')  the  excited  state  2p''3p(^  Pj  ,  ,,)  splittings  are  only  0.64  and  0.16  cm  ' 
and  could  not  be  resolved  so  only  single  peaks  were  observed  whose  intensities  are  summed  over  the  upper  oxygen 
2p'’3p(^Pj)  states.  Absorption  of  a  third  photon  is  sufficient  to  achieve  ionization  and  drive  the  resonant  formation  of  a 
microplasma.  Plots  of  the  ILE  required  for  ignition  versus  wavelength  revealed  three  minima  which  correspond  exactly 
to  the  spectral  positions  of  these  two-photon  allowed  transitions  2p^  (^Pj ,  |j)-»2p^3p(^P2 ,  <,).  Photodissociation  of  or 
Dj  produces  ground-electronic-state  1 S  atomic 
hydrogen.  Resonance  two-photon  excitation  of  the 
atoms  to  the  lowest  excited  electronic  state  (near¬ 
degenerate  2S„2,  2P,„,  2P3,2  levels)  and  ionization 
through  the  absorption  of  a  third  photon  likewise 
serves  as  the  basis  for  the  formation  of  a  microplasma. 

Plots  of  the  ILE  required  to  ignite  the  mixtures  as  a 
function  of  laser  excitation  wavelength  showed  two 
minima  whose  spectral  locations  correspond  exactly  to 
the  two-photon  excitation  wavelengths  of  H  and  D  at 
243.07  nm  and  243.0  nm  respectively. 


Resonance  laser  microplasma  ignition  affords  a 
distinct  advantage  over  non-resonant  gas  breakdown 
(spark  formation)  in  terms  of  the  energy  threshold  for 
ignition  and  extraction  of  the  minimum  energy  required 
for  ignition.  Laser-induced  gas  breakdown  occurs 
through  non-resonant  ionization  of  the  gas,  collision- 
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Figure  1.  Simple  energy  level  diagrams  for  a.  atomic  oxygen 
and  b.  atomic  hydrogen. 


induced  cascade  ionization  and  subsequent  spark  formation  driven  by  inverse  bremsstrahlung  (Smith,  et  al.,  1976).  The 
threshold  for  non-resonant  gas  breakdown  in  an  initially  transparent  non-absorbing  gas  typically  exceeds  the  requisite 
minimum  ignition  energy  for  a  reactive  gaseous  mixture  and  therefore  the  extraction  of  the  minimum  ignition  energy  from 
this  measurement  may  be  difficult.  This  is  because  the  laser  power  density  at  which  ionization,  electron  production  and 
spark  formation  occurs  in  a  non-resonant  process  simply  exceeds  the  minimum  energy  required  to  ignite  the  mixture. 
Typically  a  very  intense  spark  or  blast  wave  is  formed  which  can  extinguish  combustion  or  lead  to  a  detonation. 
Resonance  laser  microplasma  ignition  provides  a  means  of  photochemically  producing  radicals  and  seed  electrons  very 
early  on  in  the  laser  pulse  well  below  the  energy  threshold  for  ignition  and  gas  breakdov/n.  Resonance  excitation  and 
ionization  of  the  radicals  produces  a  very  weak  and  controllable  microplasma  (laser  spark)  below  the  threshold  for 
ignition.  The  laser  energy  can  then  be  gradually  increased  to  the  point  that  the  microplasma  grows  to  sufficient  intensity 
for  ignition  to  occur.  Furthermore,  with  a  resonant  laser  source  it  is  easy  to  produce  a  visible  well-controlled  microplasma 
within  the  mixture  that  will  not  cause  ignition  until  additional  energy  is  supplied  to  the  laser  pulse.  At  the  ignition 
threshold  a  certain  amount  of  energy  has  been  deposited  in  a  sufficie.ntly  short  time  period  such  that  self-sustaining 
ignition  occurs  which  allows  the  ignition  kernel  to  propagate  into  a  stabilized  combustion  subsequent  to  tbs  termination 
of  the  laser  pulse. 

The  measurement  of  the  incident  laser  energy  required  for  the  ignition  of  reactive  gaseous  mixtures  is  simple  since  the 
amount  of  energy  delivered  to  the  laser  focal  volume  can  be  determined  with  an  energy  meter.  The  measurement  of  the 
minimum  ignition  energy  is  far  more  difficult  since  the  multiphoton  absorption,  photodissociation,  photoexcitation  and 
photoionization  processes  which  form  the  laser  microplasmas  exhibit  a  highly  nonlinear  dependence  on  laser  intensity 
which  make  absorption  measurements  difficult.  The  primary  goal  of  this  work  is  to  determine  what  fraction  of  the  ILE 
that  drives  the  formation  of  the  microplasma  and  ignition  is  absorbed  in  the  ignition  event.  The  fraction  of  energy 
absorbed  is  the  minimum  ignition  energy  under  these  experimental  conditions.  Although  a  distinct  wavelength 
dependence  on  the  ILE  required  for  ignition  was  observed  in  our  past  work,  an  additional  motivation  of  this  work  is  to 
ascertain  that  if  once  a  minimum  ignition  energy  has  been  deposited  is  there  a  selective  enhancement  in  ignition  which 
is  wavelength  dependent. 

In  this  work  a  tunable  laser  system  which  operates  in  the  ultraviolet  (UV)  has  been  utilized  to  ignite  premixed  reactive 
gaseous  flows  of  Hj/Oj,  Dj/Oj  and  CH4/N2O  in  a  jet  burner  at  atmospheric  pressure.  Multiphoton  UV  photodissociation 
of  the  fuel  or  oxidizer  molecules  produced  ground  state  radicals  (H  and  O  atoms).  Resonance  enhanced  multiphoton 
excitation  and  ionization  of  these  radicals  formed  a  laser-produced  microplasma  which  served  as  an  ignition  source.  Time- 


Figure  2.  Plots  of  a.  ILE  versus  wavelength  and  b. 
minimum  ignition  energy  versus  wavelength  for  Hj/Oj 
«f  =  0.7). 


Figure  3.  Plots  of  a.  ILE  versus  v,fav8length  and  b. 
minimum  ignition  energy  versus  wavelength  for 
Hj.Dj/Oj  «t)  =  0.7). 


resolved  absorption  techniques  were  utilized  to  determine  mimimum  ignition  energies  for  the  gaseous  mixtures  when  the 
laser  was  tuned  to  resonance  two-photon  excitation  transitions  of  H  and  O  atoms  near  243  nm  and  225.6  nm  respectively 
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Figures  2,3.  The  minimum  ignition  energy  was  found  to  be  wavelength  dependent  and  was  the  least  when  the  laser  was 
tuned  to  the  resonant  two-photon  excitation  transitions.  These  results  suggest  that  ignition  is  not  only  dependent  upon 
the  absorption  of  a  certain  minimum  amount  of  energy  but  is  also  photochemically  enhanced  by  the  production  of  ground 
and  excited-state  radicals  and  ions  which  participate  in  exothermic  chemical  chain-branching  reactions  in  the  early  stages 
of  ignition.  The  microplasmas  were  also  characterized  using  emission,  photoaucoustic  and  ionization  spectroscopies. 


ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  Army  Research  Laboratory. 

REFERENCES 


Chou,  M-S.  and  Zukowski,  T.J.:1991,  "Ignition  of  Hj/Oj/NHj,  H2/Air/NH3  and  CH4/O2/NH3  Mixtures  by  Excimer-Laser- 
Photolysis  of  NH3",  Comb,  and  Flame,  Vol.  87,  pp.  191-202. 

Forch,  B.E.  and  Miziolek,  A.W.:  1991,  "Laser-Based  Ignition  of  Hj/Oj  and  Dj/Oj  Premixed  Gases  Through  Resonant 
Multiphoton  Excitation  of  H  and  D  Atoms  Near  243  nm,"  Comb.  Flame,  Vol.  85,  pp.  254-262. 

Forch,  B.E.,  Morris,  J.B.  and  Miziolek,  A.W.:  1990,  "Laser-Induced  Fluorescence  and  Ionization  Techniques  for 
Combustion  Diagnostics,"  invited  book  chapter  in  Laser  Techniques  in  Luminescence  Spectroscopy,  ed.  Vo-Dinh  and 
Eastwood,  ASTM  Pub.  STP  1066,  pp.  60-68. 

Forch,  B.E.  and  Miziolek,  A.W.,  1987,  "Ultraviolet  Laser  Ignition  of  Premixed  Gases  by  Efficient  and  Resonant 
Multiphoton  Photochemical  Formation  of  Microplasmas,"  Comb.  Sci.  and  Tech.,  Vol.  52,  pp.  161-169. 

Forch,  B.E  and  Miziolek,  A.\N.:  1986,  "Oxygen-Atom  Two-Photon  Resonance  Effects  in  Multiphoton  Photochemical 
Ignition  of  Premixed  Hj/O,  Flows,"  Opt.  Lett.,  Vol.  11,  pp.  129-131. 

Lavid,  M.L.  and  Stevens,  J.g..:  1 986,  "Photochemical  Ignition  of  Premixed  Hydrogen/Oxidizer  Mixtures  with  Excimer 
Lasers",  Comb.  Flame,  Vol.  60,  pp.  196-202. 

Lucas,  D.,  Dunn-Rankin,  D.,  Horn,  K.  and  Brown,  N.J.:  1987,  "Ignition  by  Excimer  Laser  Photolysis  of  Ozone",  Comb, 
and  Flame,  Vol.  69,  pp.  171-184. 

Maas,  U.,  Raffel,  B.  and  Wolfrum:  1 986,  "Observation  and  Simulation  of  Laser  Induced  Ignition  Processes  in  O2-O3  and 
Hj-Oj  Mixtures",  Twenty-First  Symposium  (Internathn)  on  Combustion",  1986,  pp.  1869-1876,  Combustion  Institute, 
Pittsburg. 

Raffel,  B.,  Warntaz,  B.,  and  Wolfrum,  J.:  1986,  "Experimental  Study  of  Laser-Induced  Ignition  in  O2/O3  Mixtures,"  App/. 
Phys.,  B37,  pp.  189-196. 


355 


WP17 


Nd:YALO-AMPLiFiER  Above  100  Watts  Average  Output  Power 
With  High  Beam  Quality  Via  Phase  Conjugation 

H.J.  Eichler,  A.  Haase,  R.  Macdonald  and  R.  Menzel 

Optisches  Institut,  Technische  Universitat  Berlin*^ 

StraSe  des  17.  Juni  135, 10623  Berlin,  Germany 
Phone;  (30)  314-22498,  Fax;  (30)  314-26888 


Nd;laser  with  good  beam  quality  via  phase  conjugating  SBS-mirrors  can  be  realized  as  oscillators  [1] 
and  for  higher  output  powers  as  systems  of  Master  Oscillator  and  Power  Amplifier.  MOP  As  were 
described  using  Nd;YAG  slab  geometries  in  multi-pass  arrangements  [e.g.  2].  With  these  setups  average 
output  powers  of  more  than  100  Watts  were  reported  [2,  3]  with  pulse  energies  in  the  range  of  1  J  to 
25  J. 

To  reduce  the  complexity  of  higher  power  Nd-MOPAs  we  developed  a  scheme  with  a  single  Nd;YAG 
rod  [4].  The  thermal  lens  of  the  highly  pumped  laser  rod  with  focal  lengths  of  less  than  30  cm  could  be 
perfectly  compensated  by  the  aid  of  the  phase  conjugating  SBS-mirror.  But  in  high  power  Nd;YAG 
laser  rods  a  strong  birefringence  occurs.  This  leeds  to  a  depolarization  of  the  incident  laser  light  even 
after  the  first  pass  [5].  Therefore  a  scheme  with  two  optical  isolation  stages  was  used  to  extract  all 
amplified  energy  and  to  protect  the  oscillator  from  backscattered  amplifier  radiation.  Although  this 
scheme  operated  well  and  we  were  able  to  extract  100  Watts  from  this  single  rod  Nd;YAG  amplifier, 
the  beam  quality  of  the  output  was  restricted  somewhat  to  about  2  times  the  diffraction  limit  (better  than 
2*DL). 

Therefore  we  set  up  a  single  rod  amplifier  based  on  a  YA103-crystal  with  9.5  mm  diameter  ,  152  mm 
length  and  1.0  at.%  Neodymium  doping  as  active  material.  This  Nd;YALO  crystal  is  optically  highly 
anisotropic  and  shows  therefore  no  remarkable  stress  birefnngence.  On  the  other  side  the  thermal 
leasing  of  this  material  is  roughly  two  times  higher  than  for  Nd;YAG  (see  Fig.  1).  But  this  disadvantage 
of  a  higher  thermal  leasing  could  be  compensated  with  the  phase  conjugating  mirror. 


*'>  The  work  was  financially  supported  by  the  Bundesmisterium  fur  Forschung  und  Technologie  (BMFT) 
and  the  Verband  Deutscher  Ingenieure  (VDI). 
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Amplifier  pump  power  [kW] 

Fig.  1 :  Thermal  leasing  of  Nd:  YAG  and  Nd:  YALO  rods  as  a  function  of  electrical  pump  power 

A  45  degree  Faraday  rotator  was  used  to  couple  out  the  amplified  light  in  combination  with  a  polarizer. 
As  SBS-material  we  used  CS2.  Because  of  astigmatic  thermal  lensing  the  Nd;YALO  oscillator  showed 
an  slightly  elliptical  transversal  beam  profile.  In  the  vertical  direction  the  beam  was  1.3  times  dififraction 
limited  and  in  the  horizontal  1.1  times.  The  flashlamps  were  driven' with  a  repetition  rate  up  to  100  Hz. 
During  each  flash  a  burst  of  3  to  40  Q-switch  pulses  of  different  amplitudes  ocurred  adjustible  by  the 
time  delay  of  oscillator  and  amplifier. 

The  thermal  lens  of  the  YALO-amplifier  could  be  perfectly  compensated  in  the  double  pass  arrangement 
by  the  phase  conjugating  SBS-mirror  as  measured  in  a  distance  of  5.2  m  behind  the  amplifier  rod  (see 
figure  2). 


Amplifier  pump  power  [kW] 


Fig. 2:  Measured  beam  diameter  of  the  amplified  light  in  a  distance  of  5.2  m  as  a  function  of  the  electrical 

input  power.  The  dashed  line  represents  the  average  diameter  of  2.6  mm. 
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I.  Introduction 

Synchrotron  radiation  (  SR  )  can  be  applied  as  an  excitation  source  of  the 
accumulated  photon  echoes.  The  accumulated  photon  echoes  of  sulforohdamine 
640  (  SRh640  )  doped  in  polyvinyl  alcohol  film  (  PVA  )  was  successfully  observed 
by  exciting  the  sample  with  the  SR  and  employing  the  phase  modulation  method 
[1].  When  we  used  the  SR  passed  through  a  bandpass  filter  with  the  bandwidth  of 
about  13  nm,  the  photon  echo  decay  curve  was  obtained  with  a  time  resolution  of 
133  fs.  In  addition,  when  the  bandpass  filter  was  removed,  the  field  autocorrelation 
time  of  the  SR  beam  decreased  to  about  3  fs. 

2.  Theory 

When  the  sample  is  collinearly  excited  by  the  two  SR  beams,  Eift)  =  E[t) 
and  E2{t)  =  E{t  -  r),  the  power  spectrum  5(w)  of  the  excitation  in  the  sample  is 
expressed  as  follows. 


T/2 

S(w)  =  ^l^m  1|  J  {EUt)  +  EAt))e'^'dt 

-TI2 


5o(w)[l  +  cos(wr)], 


(1) 


where  5o(a;)  is  the  power  spectrum  of  the  SR  itself.  If  the  inhomogeneous  broad¬ 
ening  is  sufficiently  broader  than  the  homogeneous  broadening  of  the  sample  and 
excitation  spectrum,  the  population  grating  H[uj)  formed  by  is 


7 

■y^  +  (u  —  ui'Y 


S{u))du' 


(2), 


where  7  means  the  inverse  of  the  dephasing  time  T2.  The  polarization  induced  by 
H{uj),  which  contributes  to  the  echo  signals,  is  as  follows. 
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By  integrating  over  the  inhomogeneous  distribution  g{i-o),  a  macroscopic  third-order 
electric  dipole  moment  <  P2{t)  >  is  obtained.  Because  of  the  phase  modulation 


358 


method,  E2{t)  is  rewritten  by  E2{t)  exp[iM  sin(/t)]  so  that  the  echo  signal  /(r)  is 
expressed  as  follows, 

7(r)  =  [Jo'(M)  +  2Jo{M)J2{M)  cos(2/<)  +  •  •  •]  e-2^^  (4) 

where  Ji{M)  denotes  the  z-th  order  Bessel  function,  and  M  means  the  index  of  the 
phase  modulation  induced  by  the  piezoelectric  transducer.  Note  that  the  echo  signal 
of  2/-component  is  proportional  to  the  product  of  the  zeroth-  and  the  second-order 
Bessel  functions  [2]. 

3.  Experiment 

The  experiment  was  performed  at  a  beam  line  8A  of  UVSOR  facility.  Institute 
for  Molecular  Science,  Okazaki,  Japan.  The  SR  beam  was  focussed  with  a  concave 
mirror  with  the  horizontal  and  vertical  focal  length  of  2.8  m  and  2.6  m,  respectively. 
The  electron  storage  ring  was  operated  with  the  electron  energy  of  750  MeV  and 
the  beam  current  of  200  mA.  The  output  SR  pulses  had  the  repetition  rate  of 
about  90  MHz  and  the  time  duration  of  1.5  ns  [3].  The  SR  beam  was  filtered 
by  the  bandpass  filter  with  center  wavelength  of  605  nm  and  bandwidth  of  13 
nm.  After  the  filter,  the  SR  beam  was  introduced  to  a  Michelson  interferometer  in 
order  to  split  it  into  two  beams  (  the  power  of  2.2  and  0.8  /xW  ),  and  one  beam 
was  temporally  delayed  relative  to  the  other  beam  which  was  phase  modulated  at 
/=6.5  kHz.  The  collinearly  overlapped  two  beams  were  focused  onto  the  sample 
and  the  transmitted  beams  were  detected  by  a  PIN  photodiode  whose  output  was 
fed  into  a  lock-in  amplifier.  The  echo  signal  was  obtained  in  the  2/-component  of 
the  lock-in  detected  signal.  The  filtered  SR  beam  was  resonant  to  the  0-0  transition 
between  So  and  Si  levels  of  SRh640  in  PVA. 

4.  Results 

M^e  first  measured  the  field  autocorrelation  of  the  SR  beam  that  determines 
the  time  resolution  in  the  photon  echo  experiment.  Figure  1(a)  shows  the  autocor¬ 
relation  obtained  for  the  SR  beam  used  in  our  experiment.  In  this  measurement, 
the  sample  was  removed  and  the  signal  of  /-component  was  detected.  The  corre¬ 
lation  time  (  FWHM  )  of  the  filtered  SR  was  measured  to  be  133  fs,  which  clearly 
indicates  that  the  photon  echo  decay  can  be  measured  with  a  time  resolution  of 
about  130  fs.  Figure  1(b)  displays  the  field  correlation  when  the  bandpass  filter 
was  eliminated,  indicating  the  field  correlation  time  of  about  3  fs. 

Figure  2  shows  the  accumulated  photon  echo  decay  on  a  logarithmic  scale  mea¬ 
sured  for  SRh640  in  PVA  at  29  K,  where  the  delay  time  r  was  scanned  from  1.2  ps 
to  10  ps.  The  T2  obtained  in  Fig.  2  is  approximately  4.8  ps.  This  decay  curve  is 
normalized  with  the  SR  beam  intensity  by  assuming  that  the  intensity  is  propor¬ 
tional  to  the  beam  current  in  the  storage  ring.  In  the  measurement  we  took  ten 
data  into  a  computer  at  a  fixed  delay  time  after  accumulating  a  population  grating 
for  60  sec.  Then  the  accumulated  population  grating  was  erased  by  slowly  changing 
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the  delay  time  r  to  the  next  sampling  delay  time  with  the  two  excitation  beams 
on,  which  took  60  sec. 

Using  a  dye  laser  pumped  by  a  Q-switched  YAG  laser,  we  also  examined 
whether  this  T2  of  4.8  ps  is  reasonable  for  SRh640  at  29  K.  The  T2  was  thus 
measured  at  the  sample  temperature  from  10  K  to  30  K.  The  solid  circles  in  Fig.  3 
show  the  T2  measured  by  the  incoherent  ns  dye  laser  and  a  solid  square  represents 
the  T2  of  4.8  ps  observed  by  the  SR.  The  square  point  just  lies  on  the  fitting  line 
of  T2  oc  which  confirms  the  validity  of  the  T-i  measured  by  the  SR. 

This  work  is  performed  under  the  Joint  Studies  Program  of  the  Institute  for 
Molecular  Science,  Japan. 

References 

[1]  S.  Saikan,  K.  Uchikawa  and  H.  Ohsawa,  Opt.  Lett.  16,  10  (1991). 

[2]  A.  Wakamiya,  Master  thesis,  University  of  Tsukuba,  Japan  (1993). 

[3]  M.  Watanabe,  Nucl.  Instrum.  &  Methods  Phys.  Res.  A  246,  15  (1986). 


Delay  Time  ( fs ) 

Fig.  1.  Autocorrelation  trace  of  the 
SR  beam  (a)  with  the  bandwidth  of 
13nm  at  605  nm  (  the  correlation  time 
of  133  fs  )  and  (b)  with  the  widest  band¬ 
width  (  the  correlation  time  of  3  fs  ). 


Fig.  3.  Dephasing  time  versus 
the  sample  temperature.  Solid  cir¬ 
cles  and  a  square  represent  the  T-i 
measured  by  the  ns  incoherent  dye 
laser  and  the  SR,  respectively. 


Fig.  2.  Accumulated  photon  echo 
decay  for  SRh640  doped  in  PVA  at 
29  K. 
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SUMMARY 

Self-pumped  phase  conjugation  using  a  nonlinear  material  in  a  self-intersecting 
loop  geometry  are  attractive  for  their  simplicity  and  efficiency.  Loop  systems 
based  on  photorefractive  media  [1]  and  Brillouin-active  media  [2,3]  have  been 
most  extensively  investigated.  Several  investigation  have  also  been  made  of 
gain-media  in  loop  geometries  [4,5,6]  although  several  issues  relating  to 
conjugation  fidelity  and  the  implementation  of  this  device  as  a  practical  laser 
source  have  not  been  fully  addressed.  We  present  the  results  of  investigation  of 
the  spatial,  temporal  and  energy  characteristics  of  the  solid-state  gain  medium 
Nd:YAG  in  a  loop  configuration. 

One  of  the  investigated  configurations  is  shown  in  Figure  1.  A  (transmission) 
gain-grating  is  formed  in  a  flashlamp-pumped  Nd:YAG  amplifier  (Ai)  by  a 
self-intersecting  input  beam  (Bin)  consisting  of  a  linearly-polarised  pulse  in  a 
TEMoo  single-longitudinal  mode  with  FWHM  duration  17ns.  The  grating 
diffraction  efficiency  (r\)  can  be  optimised  by  controlling  the  forward  loop 
transmission  factor  (Tf)  with  a  Faraday  rotator  and  half-wave  plate 
combination.  The  backward  transmission  factor  (Tb)  through  this  combination 
is  approximately  unity  resulting  in  unidirection  laser  oscillation  in  the  backward 
(conjugate)  direction  when  the  loop  threshold  condition  is  achieved  iiGTb  >  1, 
where  G  is  the  gain  of  an  additional  loop  amplifier  module  (A2).  The  amplifier 
rods  (Ai  and  A2)  were  lOOmm  long  by  6.35mm  in  diameter  with  small- signal 
single-pass  gains  up  to  100,  a  beam  crossing  angle  ~10mrad  to  achieve  good 
overlap  in  amplifier  Ai,and  a  loop  roundtrip  time  »  5ns. 

The  threshold  input  pulse  energy  was  as  low  as  ~10p,J  for  generation  of  a 
backward  oscillation  signal.  For  an  input  pulse  up  to  ~10  millijoules  the  output 
energy  was  as  high  as  300mJ  in  a  TEMoo  spatial  mode  and  in  the  form  of  a 
single-longitudinal-mode  pulse  with  duration  ~10ns.  The  output  pulse  typically 
emerged  approximately  30ns  after  the  input  pulse  had  entered  the  loop  system. 
At  higher  input  pulse  energies,  higher  output  energy  could  be  achieved  (up  to 
500mjr)  but  the  spatial  quality  degraded  from  the  diffraction-limit.  Even  in  the 
case  when  the  output  was  of  the  form  of  a  diffraction-limited  TEMoo  mode  the 
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mode  diameter  was  not  generally  the  same  as  the  input  but  was  a  function  of  the 
input  pulse  energy. 

A  fuller  test  of  the  phase  conjugating  ability  of  the  loop  amplifier  consisted  of  i) 
inserting  an  aberrator  (phase  plate)  in  the  loop  and  ii)  using  a  non-TEMoo  input 
beam.  The  introduction  of  the  loop  phase  plate  (in  location  shown  in  Figurel) 
resulted  in  the  distortion  of  the  input  beam  as  shown  in  Figure  2a  however  the 
output  beam  quality  was  almost  unchanged  and  still  a  high-quality  TEMqo 
mode  as  shown  in  Figure  2b.  The  correction  of  the  loop  phase  aberrations  (~10- 
20x  diffraction-limit)  is  a  dramatic  demonstration  of  the  excellent  corrective 
ability  of  the  gain  conjugator.  The  introduction  of  a  non-TEMoo  beam  was 
produce  by  passing  the  TEMqo  input  beam  through  a  pair  of  crossed  wires 
giving  a  four-lobed  beam  with  diffractive  fringing  in  the  transmitted  beam. 
With  suitable  adjustment  of  the  input  energy  it  possible  to  reproduce  the 
dominant  four-lobe  structure  in  the  conjugate  beam.  It  was  noted  that  by 
decentralising  the  cross  wires  such  that  the  relative  intensity  of  the  input  lobes 
were  not  equal  that  the  higher  intensity  lobes  were  much  more  efficiently 
reflected  than  the  weaker  lobes.  This  can  be  qualitatively  understood  since  the 
diffraction  efficiency  of  a  gain  grating  depends  on  the  strength  of  the  interfering 
writing  beams. 

As  a  general  conclusion  of  our  present  studies,  the  system  has  good  corrective 
ability  of  loop  aberrations  and  this  is  very  promising  for  high-average  power 
scaling  of  solid-state  laser  systems  in  which  thermally-induced  phase  distortion 
is  a  major  consideration  for  beam  quality.  The  loop  conjugator  should  be 
considered  as  an  adaptive  laser  resonator  with  a  holographic  grating  element 
formed  by  the  self-intersecting  beam.  Such  a  system  can  produce  output  energy 
at  least  two  orders  of  magnitude  higher  than  a  high-quality  injecting  pulse.  The 
application  of  this  device  as  a  phase  conjugator  of  input  radiation  with  severe 
aberration  is  not  so  clear  according  to  our  present  results  but  more  work  is  still 
required  to  ascertain  its  full  potential. 
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Figure  1.  Schematic  diagram  of  experimental  laser  system 


Figure  2.  Spatial  beam  profiles  with  a  loop  phase  aberrator. 
a)  Incident  aberrated  loop  beam,  b)  Compensated  backward  conjugate  beam. 
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Ordinary  self-pumped  phase  conjugate  mirrors  (PCMs)  that  employ  stimulated 
Brillouin  scattering  (SBS)  turn  on  when  the  gain  exponent  (G  =  gIL)  is  in  the  range  of  25  to  30. 
Feedback  makes  it  possible  to  reduce  this  threshold  gain  considerably.  A  number  of  theories 
have  been  developed  to  describe  SBS  with  feedback,  most  of  which  are  specific  to  highly 
aberrated  pump  beams  and  steady-state  conditions.  These  theories  predict  that  by  introducing 
feedback  the  gain  threshold  can  be  reduced  to  as  little  as  Gjj,  =  0.35  [1].  Recently,  Scott  [2] 
proposed  a  theory  of  SBS  with  feedback  that  departs  from  previous  theoretical  approaches. 
First,  it  specifically  focuses  on  Gaussian  beams.  Second,  it  explicitly  recognizes  that  the 
nonlinear  medium  has  a  finite  response  time;  consequently  the  evolution  of  the  nonlinear 
process  is  limited  by  the  finite  duration  of  the  pump  pulse.  Although  these  theoretical  features 
provide  new  insights  into  SBS  with  feedback,  further  analysis  is  required  to  bring  the  theory 
into  agreement  with  our  measurements,  some  of  which  were  motivated  by  discussions  with 
Scott. 

We  performed  several  experiments  involving  SBS  with  feedback  using  focused,  nearly 
diffraction-limited  pump  beams.  Figure  1  shows  two  variations  of  the  loop  arrangement  for 
SBS  with  100%  feedback  in  which  the  first-pass  transmitted  pump  beam  is  recycled  and 


(a)  (b) 

Figure  1.  Loop  geometries  for  SBS  with  feedback. 
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t(pump)/t(phonon) 

Figure  2.  SBS  threshold  reduction  factor 
as  a  function  of  the  ratio  of  the  pump 
pulse  duration  and  the  phonon  lifetime, 
W  /  tphonon-  The  calculated  TRF  (shown 
as  a  line)  is  7.7  in  the  steady-state  limit. 


refocused  to  the  same  point  as  the  focused  first  c  4  j 

_o 

pass  pump  beam.  In  Fig.  1(a),  all  beams  are  Z  -  .  ^ ^ 

linearly  polarized,  and  a  20  mrad  angle  separates  ®  5  •  '  * 

the  first  and  second  passes.  In  Fig.  1(b),  quarter-  ^  « 
wave  retardation  plates  make  the  polarization  of  S 

the  transmitted  pump  beam  orthogonal  to  that  of  0  . . .  ■  ■  ■  . . 

,  .  .  ,  ,  .1.  1-  0  5  10  15  20 

the  mcident  pump  beam  so  the  two  beams  can 

t(pump)/t(phonon) 

be  made  to  overlap  exactly  inside  the  interaction 

1-  -ui  1  Tu-  u  w.  Figure  2.  SBS  threshold  reduction  factor 
region,  agam  with  negligible  loss.  This  scheme  ° 

also  differs  from  the  first  in  that  the  beam  as  a  function  of  the  ratio  of  the  pump 
polarizations  allow  only  the  Stokes  beams  pnlse  duration  and  the  phonon  lifetime, 

produced  by  Brillouin-enhanced  four-wave  V™ip  ^  calculated  TRF  (shown 

,  .  .  as  a  line)  is  7.7  in  the  steady-state  limit, 

mixing  to  contribute  to  the  phase  conjugate  ^ 

output. 

In  the  first  case,  using  CH^  as  the  SBS  medium,  it  was  possible  to  measure  the  threshold 
reduction  factor  (the  SBS  threshold  without  feedback  vs.  with  feedback)  for  several  different 
values  of  tj^p  /  tphonon  by  independently  varying  the  pump  pulse  width  and  the  acoustic 
lifetime  (which  depends  on  CH4  pressure).  According  to  Scott’s  theory,  the  SBS  threshold 
power  is  lowest  for  very  long  pulses  (i.e.  closest  to  steady-state  conditions)  and  increases 
monotonicaUy  as  tp^p  /  tpi,„„„„  decreases  (for  very  short  pulses,  i.e.  tp^p  /  tpi,„„„„  -  1,  the  theory 
is  no  longer  appropriate).  From  the  theory  of  transient  stimulated  scattering  [3]  we  can 
calculate  the  threshold  power  for  SBS  without  feedback.  The  ratio  is  the  calculated  threshold 
reduction  factor  (TRF).  Figure  2  shows  the 
comparison  between  theory  and  experiment.  The 
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measured  SBS  TRF  does  not  exhibit  the  FEEDBACK  FEEDBACK 

consistently  increasing  trend  as  a  function  of  £  ’  If  * 

W  /  tphonon  predicted  by  the  theory;  it  was  |  ,  ?  Ju 

always  about  2.5.  When  we  changed  to  a  faster-  w  ^ 

responding  SBS  medium,  namely  Freon-113,  we  1 

expected  an  even  greater  improvement  in  TRF.  0  50  100  150  200 

However,  the  measured  SBS  TRF  for  Freon-113  Time  (nsec) 

was  only  3.  Figure  3.  Stokes  energy  vs.  pump 

When  Freon-113  was  used  in  the  feedback  energy  with  and  without  feedback, 
geometry  of  Figure  lb,  the  SBS  TRF  doubled  to  6.  Geometry  is  that  of  Figure  lb.  Pump 
Representative  data  are  shown  in  Figure  3.  We  pulse  FWHM  is  160ns.  SBS  medium  is 
also  observed  that  higher-order  Stokes  could  be  Freon-113. 
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Figure  3.  Stokes  energy  vs.  pump 
energy  with  and  without  feedback. 
Geometry  is  that  of  Figure  lb.  Pump 
pulse  FWHM  is  160ns.  SBS  medium  is 
Freon-113. 
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produced  using  this  geometry  (in  contrast  to 
standard  SBS  generators  which  don't  employ 
feedback).  By  increasing  the  pump  power  we 
eventually  reached  the  point  where  the  Stokes 
beam  was  strong  enough  to  generate  its  own 
Stokes-shifted  beam.  In  our  experiment,  the 
threshold  power  for  second  Stokes  was  about  5 
times  the  threshold  power  for  first  Stokes.  This 
second  Stokes  beam  propagates  in  the  same 
direction  as  the  pump  beam.  Increasing  the 
pump  power  produced  still  higher  Stokes 
orders. 

The  temporal  coherence  properties  of  the 
output  Stokes  signal  are  also  affected  by  feedback.  Without  feedback,  phase  jumps  occur 
randomly  on  a  time  scale  of  tens  of  phonon  lifetimes  [4].  They  manifest  themselves  in  the 
Stokes  pulse  shape  as  sudden  intensity  fluctuations  (see  Figure  4).  Properly-phased  feedback 
eliminates  phase  jumps  altogether. 

We  gratefully  acknowledge  Andrew  Scott  for  many  technical  discussions  and  for 
sharing  the  details  of  his  theory  prior  to  publication.  We  also  acknowledge  German  Pasmanik 
for  suggesting  the  loop  geometry  of  Fig.  1(b). 
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Figure  4.  Comparison  of  pulse  shapes:  a) 
pump,  b)  Stokes  with  feedback,  and  c) 
Stokes  without  feedback.  SBS  medium  is 
Freon-113  (phonon  lifetime  ~  0.7ns) 
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Laser  sources  in  the  ultraviolet  (UV)  spectrum  specifically  in  the  range  from  250  nm  to 
350  nm,  are  of  great  interest  for  long  range  remote  fluorescence  spectroscopy.  The 
detection  at  a  stand-off  range  of  biological  and  organic  compounds  is  accomplished 
by  monitoring  the  returned  energy  in  the  fluorescence  spectrum  of  the  compound  in 
question.  A  multiple  UV  wavelength  laser  or  a  tunable  laser  source  provides  the  ability 
to  improve  the  discrimination  between  compounds  with  similar  spectra.  Vibrational 
stimulated  Raman  scattering  (VSRS)  in  the  UV  has  been  reported  in  1979  using 
excimer  lasers  (223  nm,  248  nm  and  308  nm)(Ref.  1),  but  with  limited  efficiency  (25%). 

We  report  here  our  experimental  results  of  efficient  (87%)  rotational  stimulated  Raman 
scattering  (RSRS)  and  vibrational  stimulated  Raman  scattering  (VSRS)  using  the 
fourth  harmonic  from  a  phase  conjugated  master  oscillator  power  amplifier  Nd:YAG 
laser  with  high  beam  quality  .  We  present  experimental  data  obtained  for  Hydrogen 
and  Deuterium  gases  used  as  Raman  mediums. 


1064  nm 


Figure  1.  Optical  diagram  of  the  UV  Raman  laser  with  multiple  wavelength  output. 


The  phase  conjugate  laser  used  in  these  experiments  was  reported  previously  (Ref. 
2, 3, 4, 5)  and  features  high  beam  quality  for  efficient  second  harmonic,  fourth  harmonic 
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and  VSRS/RSRS  conversion.  Our  present  experimental  setup  is  depicted  in  Figure  1. 
The  1064  nm  beam  is  doubled  twice  to  generate  the  fourth  harmonic  at  266  nm.  This 
wavelength  is  separated  from  the  remaining  532  nm  using  a  prism  and  then  focused 
into  a  Raman  gas  cell.  The  output  from  the  Raman  cell  is  recollimated  and  the 
wavelength  distribution  is  measured  with  an  Optical  Multichannel  Analyzer  (OMA).  The 
laser  has  near  diffraction  limited  beam  quality  and  4  to  6  longitudinal  modes.  The 
pulse  width  is  20  ns  in  the  UV  and  the  100  mJ  beam  was  used  at  1  Hz  . 
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RP  =  Residual  pump  energy 

Rn  =  nth  order  rotational  Stokes  line 
Vn  =  nth  order  vibrational  Stokes  line 
An  =  nth  order  rotational  anti-Stokes  line 


Wavelength  (nm) 


Figure  2.  UV  rotational  stimulated  Raman  conversion  in  Hydrogen  gas  using  the  266 
nm  pump  laser  with  87%  efficiency. 


For  RSRS  the  266  nm  laser  beam  was  circular  polarized  and  VSRS  was  suppressed 
by  the  use  of  lower  pressures  and  larger  f/numbers.  In  Figure  2  we  show  our  results 
using  Hydrogen  gas  as  the  Raman  medium.  Efficient  conversion  to  the  Raman  lines 

reached  up  to  87%. 


For  efficient  VSRS  the  laser  beam  was  linearly  polarized  and  the  pressures  were 
optimized  at  a  higher  level  and  the  f/numbers  were  lower.  In  Figure  3a  we  show  typical 
results  using  Deuterium  gas.  However,  at  the  UV  wavelength  of  266  nm  the  VSRS 
gain  is  6  to  8  times  higher  then  for  example  at  532  nm  and  efficient  VSRS  is  obtained 
at  low  pressures  (54  atm  ).  The  first  (289  nm)  and  the  second  (316  nm)  Stokes  lines 
are  efficiently  generated.  By  reducing  the  pressure  to  2  atm  a  combination  of  RSRS 
and  VSRS  are  obtained  (Figure  3b). 
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Figure  3a.  Vibrational  stimulated  Raman 
conversion  in  Deuterium  gas  using  a 
266  nm  pump  laser  (  calibrated  relative 
output  energy  with  >80%  into  Raman  lines) 


Figure  3b.  Rotational  and  vibrational 
Raman  conversion  in  Deuterium  gas 
using  a  266  nm  pump  laser.(  calibrated 
relative  output  energy  with  >80%  into 
Raman  lines) 


In  conclusion,  we  have  experimentally  demonstrated  an  efficient  approach  for  a  multi¬ 
wavelength  UV  source  based  on  the  solid  state  Nd;YAG  laser  using  second  harmonic, 
fourth  harmonic  and  vibrational  and  rotational  stimulated  Raman  scattering.  With  the 
advances  in  efficiency  of  the  diode  pumped  Nd:YAG  laser  and  the  new  high  optical 
quality  UV  transparent  efficient  crystals  (BBO)  efficient  UV  solid  state  laser  sources 
are  achievable.  When  these  UV  lasers  are-  combined  with  the  mature  Raman 
technology,  multiple  wavelengths  in  the  250-  nm  to  350  nm  range  are  efficiently 
obtained.  This  spectral  range  is  of  special  interest  for  long  range  remote  fluorescence 
spectroscopy  of  organic  and  biological  compounds  in  the  atmosphere. 
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The  energy  capability  of  pulsed  laser  systems  can  be  extended  by 
using  a  Raman  amplifier  to  combine  the  energy  of  several  pixmp 
beams  into  a  single  output  [1] .  Energy  is  extracted  from  the 
pump  beam(s)  by  the  amplification  of  a  Raman  shifted  Stokes  seed 
pulse.  Beam  combination  has  particular  application  to  neodymium 
based  visible  lasers  in  which  the  pulse  energy  can  be  limited  by 
the  damage  threshold  of  the  second  harmonic  generating  crystal. 

The  properties  of  a  Raman  amplifier  pumped  by  frequency  doubled 
Nd:YAG  have  been  investigated  experimentally  using  the  geometry 
shown  in  Figure  1.  The  4155cm”^  vibrational  shift  in  hydrogen 
was  used  to  generate  Stokes  radiation  at  683nm.  Combination  of 
energy  from  two  separate  (but  mutually  coherent)  pump  beams  into 
a  single  Stokes  output  has  been  successfully  demonstrated.  The 
Stokes  energy  extraction  for  amplifiers  driven  by  single  and 
double  pump  beams  are  shown  Figure  2.  Amplified  Stokes  beams  of 
very  high  spatial  quality  were  obtained  when  a  single  pump  was 
used;  interference  effects  produced  some  distortion  of  the 
output  in  the  two  beam  system  (Figure  3) . 

The  effect  of  the  spatial,  temporal  and  phase  characteristics  of 
the  incident  beams  has  been  investigated  theoretically.  Results 
show  that  serious  limitations  in  efficiency  are  imposed  by  the 
Gaussian  spatial  profile  and  the  broad  bandwidth  of  the  laser 
used  in  the  experiments.  In  the  latter  case,  the  presence  of 
many  longitudinal  modes  inhibits  Stokes  growth  in  the  early 
stages  of  the  amplifier  due  to  the  lack  of  correlation  between 
the  injected  Stokes  signal  and  pump  [2] .  With  sufficient  gain- 
length,  the  phases  of  the  Stokes  modes  evolve  so  that  the  two 
fields  become  correlated.  This  process  is  illustrated  in  Figure 

4  in  which  the  phase  difference,  <^p-Os,  between  each  pump-Stokes 
mode  converges  to  a  common  value. 
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Figure  la.  Raman  beam  combination 
experimental  layout 


RAMAN  FILTER 
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Figure  lb.  Amplifier  cell  geometry 


PUMP  1 
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STOKES  ENERGY 


Figure  2 .  Beam  combination  experimental  results ; 
comparison  between  one  and  two  beam  pumping 


Figure  3.  Cross- 
sections  through 
Stokes  output 
spatial  profile 


Figure  4.  Phase-pulling  during  Raman  amplification 
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Pulse  squeezed  state  generation  using  optical  fibers  has  attracted  a  lot  of  attention 
recently.  By  using  a  fiber  loop  interferometer,  pulse  squeezed  vacuum  has  been  success¬ 
fully  generated  at  the  1.3  //m  wavelength  with  5  dB  squeezing  observedt^i  and  has  been 
successfully  generated  at  the  1.55  /xm  wavelength  with  1.1  dB  squeezing  observed In 
the  squeezing  experiment  at  1.3  ^m,  pulses  from  a  modelocked  YAG  laser  with  a  20  ps 
pulseduration  were  used.  At  this  wavelength,  the  group  velocity  dispersion  is  close  to 
zero.  In  the  squeezing  experiment  at  1.55  //m,  pulses  from  a  modelocked  color-center 
laser  with  a  200  fs  pulseduration  were  used.  The  group  velocity  dispersion  is  negative 
and  the  pulses  propagated  inside  the  optical  fiber  are  actually  optical  solitons.  In  going 
from  longer  pulses  to  shorter  pulses,  one  gains  the  advantages  of  a  high  peak  power  at 
the  same  pulse  energy  and  thus  a  shorter  propagation  distance  in  order  to  achievable 
appreciable  squeezing.  However,  it  is  well  known  that  when  the  pulseduration  is  getting 
shorter,  the  self-Raman  elfects!^’'‘l  and  third  order  dispersion  will  start  to  affect  pulse 
propagation.  Physically,  both  self-Raman  effects  and  third  order  dispersion  cause  addi¬ 
tional  perturbations  to  the  optical  field  and  thus  one  would  naturally  expect  that  they 
will  eventually  destroy  squeezing.  The  problem  is  how  quick  the  destruction  is.  This  is 
the  question  we  would  like  to  answer  in  the  present  paper. 

Recently,  based  on  our  previous  work^^i,  we  have  developed  a  general  quantum  theory 
of  nonlinear  pulse  propagation.  We  also  worked  out  a  self-consistent  quantum  theory 
of  self-Raman  effects  in  optical  fibers.  Our  approach  was  based  on  the  linearization 
approximation,  the  conservation  of  commutator  brackets,  and  the  concept  of  adjoint 
systems.  A  general,  self-consistent  scheme  was  developed  to  quantize  nonlinear  optical 
pulse  propagation  problems  and  a  general  computation  procedure  ( “the  backpropagation 
method”)  was  developed  to  calculate  the  quantum  uncertainties  of  the  inner  product 
between  any  given  function  and  the  (perturbed)  field  operator.  By  utilizing  these  results, 
we  can  calculate  the  magnitude  of  squeezing  when  an  optical  pulse  propagates  through 
the  optical  fiber  in  the  presence  of  self-Raman  effects  and  third-order  dispersion.  The 
following  three  situations  have  been  considered  : 

1.  50  fs  and  100  fs  (FWHM)  solitons. 

2.  100  fs,  200  fs,  and  1000  fs  (FWHM)  sech  pulses  with  zero  group  velocity  dispersion. 
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3.  100  fs,  200  fs,  1000  fs  and  20  ps  (FWHM)  square  pulses  with  zero  group  velocity 
dispersion. 

Due  to  the  limitation  of  space,  in  this  summary  we  only  show  the  results  for  50  fs  solitons, 
1000  fs  sech  pulses  and  20  ps  square  pulses.  The  dotted  lines  are  results  without  self- 
Raman  effects  and  third-order  dispersion.  The  lines  labeled  “KR”  are  results  with  self- 
Raman  effects  only.  The  lines  labeled  “D3”  are  results  with  third-order  dispersion  only. 
The  lines  labeled  “KR-I-D3”  are  results  with  both  self-Raman  effects  and  third-order 
dispersion. 

Based  on  our  results,  we  would  like  to  make  the  following  comments  : 

1.  The  influences  of  self- Raman  effects  and  third-order  dispersion  on  squeezing  are 
mainly  due  to  the  transformation  of  the  original  quantum  noise. 

2.  For  solitons,  the  squeezing  ratio  is  more  sensitive  to  the  self-Raman  effects  than  to 
the  third-order  dispersion.  This  is  due  to  the  existence  of  second-order  dispersion. 

3.  The  self- Raman  effects  alone  have  big  impacts  only  when  the  pulse  duration  is 
below  100  fs.  However,  if  the  third  order  dispersion  is  also  present,  then  they  can 
generate  some  combined  influences. 

4.  For  sech  pulses  at  zero  dispersion,  with  no  self-Raman  effects  and  third-order 
dispersion,  the  squeezing  ratio  saturate  after  reaching  0.16.  Physically  this  is  due 
to  the  build-up  of  chirp  across  the  pulse  and  is  an  disadvantage  to  work  in  the  zero 
dispersion  regime. 

5.  At  zero  dispersion,  the  build-up  of  chirp  across  the  pulse  can  be  reduced  using 
square  pulses.  However,  the  improvement  is  limited  due  to  the  third-order  disper¬ 
sion. 

Since  in  our  calculation  we  did  not  include  in  the  effects  of  loss  and  additional 
classical  noises  (i.e.,  noises  due  to  Guided  Acoustic  Wave  Brillouin  Scatteringf®^),  the 
results  given  here  represent  the  lov/er  limits  of  the  squeezing  ratio  at  different  situations. 
It  is  straightforward  to  include  in  these  additional  effects  in  our  formulation  since  our 
theory  are  applicable  to  general  pulse  propagation  problems.  Finally,  our  results  seem  to 
suggest  that  solitons  are  the  only  qualified  candidates  for  achieving  very  large  squeezing 
using  optical  fibers. 
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Self-starting  optical  phase  conjugation  (SSOPC)  is  an  interesting  process  which  has  good 
application  potentials.  It  has  been  observed  in  several  material  systems,  e.g.,  photorefractive 
materials  [1],  atomic  sodium  [2],  and  nematic  liquid  crystals  [3]  with  low  power  lasers,  and 
Brillouin  cells  [4]  with  high  power  lasers.  Among  these  materials,  nematic  liquid  crystals  with  their 
broadband  (visible-infrared)  birefringence  are  prime  candidates  for  realizing  low  power  SSOPC  in 
spectral  regime  not  accessible  by  the  others.  This  was  indeed  demonstrated  recently  [3]  using 
stimulated  thermal  scattering  effect.  Although  the  process  could  be  applicable  over  a  very  wide 
spectral  regime  owing  to  the  broadband  birefringence  and  large  thermal  index  gradient  of  nematic, 
a  major  drawback  is  the  high  sensitivity  of  the  process  to  the  temperature  vicinity  to  T^,  the  nematic 

to  isotropic  phase  transition  temperature.  This  requires  very  stable  temperature  control,  and 
imposes  limitations  on  the  incident  laser  power  used  and  therefore  the  efficiency  of  the  process. 

In  this  paper,  we  report  the  first  observation,  to  out  knowledge,  of  self-starting  optical 
phase  conjugation  effect  in  a  nematic  liquid  crystal  using  stimulated  orientational  scattering  effect. 
The  orientational  fluctuations  in  nematics  naturally  provide  an  efficient  energy  coupling  between 
the  ordinary  and  the  extraordinary  waves  (c.f.  Figure  1). 


Figure  1.  Director  axis  fluctuation  causes  e-o  wave  scatterings  in  a  planar  aligned  nematic  liquid 

crystal  sample. 

The  experiment  set-up  is  shown  in  Figure  2.  The  liquid  crystal  we  used  is  pure  E-7  (EM 
Chemicals)  which  has  nematic  to  isotropic  phase  transition  of  63°C.  The  experiment  is  done  at 
room  temperature.  The  LC  sample  is  200pm  thick  and  planar  aligned.  The  incident  beam  is  linearly 

polarized  with  its  polarization  vector  making  an  angle  of  45°  to  the  director  axis  of  the  liquid 
crystal.  A  polarizer  is  placed  behind  the  NLC  cell,  so  that  the  reflected  beam  is  also  linearly 
polarized  with  its  polarization  perpendicular  to  that  of  the  incident  beam.  The  phase  conjugation 
signal  is  taken  out  by  a  beam  splitter  and  observed  in  the  far  field. 

When  the  power  of  incident  beam  is  small  (<  600m W),  there  is  only  noise  background.  As 
the  pump  power  increases  to  about  6(X)mW,  a  bright  spot  of  phase  conjugated  signal  appears  from 
the  fuzzy  noise  field  (see  the  photo  insert  in  Figure  2).  We  noticed  that  in  spite  of  the  aberrations 
imparted  by  the  input  laser  beam  and  gas  approximately  the  same  divergence.  The  efficiency  of  the 
phase  conjugation  reflection  is  measured  to  be  a  few  percents  at  the  power  used,  with  an  onset  time 
of  about  20ms. 

Because  of  the  broadband  birefringence  of  liquid  crystal  [Figure  3],  and  the  low'  sensitivity 
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of  the  two-wave  mixing  gain  on  the  wavelength,  the  process  can  be  realized  in  a  rather  broad 
spectrum,  from  the  visible,  through  the  diode-laser  wavelength,  to  the  infrared.  In  particular,  since 


Argon  laser 


F.oure  2.  Schematic  depiction  of  the  experimental  set-up  used  in  the  SOS  self-starting  phase 
conjugation  effect  and  the  wave  vector  phase  matching  condition..  [LC:  liquid  crystal,  Lj  2’ 

P:  polarizer,  B.S.:  beam  splitter,  G.P.:  Gian  Prism,  Mj  2-  mirrors,  Aj  2^  pm  holes]  Photo  insert 
shows  the  obtained  phase  conjugation  reflection.  Double  dots  are  due  to  the  glass  splitter  used. 
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Wavelength  (p.m) 


Figure  3.  Broadband  birefringence  of  the  liquid  crystal  E7  from  0.4pm  -  16pm. 

the  absorption  and  scattering  loss  of  nematics  such  as  E7  are  quite  low  in  the  0.4pm  -  5pm  area, 
application  of  the  SSOPC  effects  observed  here  to  phase  conjugating  devices  in  this  spectrum 
regime  are  clearly  feasible  [5].  We  will  presenting  quantitative  theoretical  estimates  of  the  threshold 
and  device  performance  characteristics. 
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In  a  recent  paper[l]  we  have  proposed  dual-wavelength-pumped  Raman- resonant  four-wave 
mixing,  where  an  intense  secondary  pump  and  its  Stokes  radiation  are  applied  in  addition  to  the 
primary  pump  laser  with  a  proper  phase  matching  angle  to  enhance  the  Raman  phonon  amplitude  (see 
Fig.  1).  This  method  enables  one  to  efficiently  up-  or  down-convert  a  primary  pump  laser  light 
whose  intensity  is  not  high  enough  to  induce  an  efficient  nonlinear  frequency  conversion  by  itself. 
This  feature  is  particularly  useful  for  converting  a  laser  wavelength  in  VUV  sp>ectrum  region,  where  a 
high-power  laser  source  can  hardly  be  developed.  We  have  carried  out  numerical  calculations  on  the 
dual-wave  pumped  Raman  process  assuming  an  F2  laser  with  the  wavelength  of  157.6  nm  for  the 
primary  pump,  and  a  KrF  excimer  laser  (248  nm)  for  the  secondary  pump.  More  than  80%  theoretical 
efficiencies  are  possible  for  either  Stokes  or  anti-Stokes  conversion  [2],  These  analyses  were  carried 
out  by  assuming  single-frequency  radiations  for  all  the  pumps  and  Raman-converted  components. 
However,  this  assumption  is  inappropriate  for  the  conversion  of  VUV  lasers,  since  conventional 
spectrum  narrowing  methods  (e  g.  ethalon,  injection  locking)  are  inapplicable  in  this  spectrum 
region.  For  example,  a  typical  line  width  of  a  free-running  F2  laser  is  10-50  pm. 

In  this  paper  we  present  a  numerical  analysis  of  dual-wavelength-pumped  Raman  process 
taking  account  of  a  finite  band  width  for  the  primary  pump  laser,  while  still  assuming  a  single 
frequency  laser  for  the  secondary  pump  laser.  This  assumption  is  much  more  realistic  than  that  in  the 
previous  analyses  [1],  because  in  practical  experiments  one  can  use  a  narrow  band  laser  in  visible  or 
UV  spectral  region  as  the  secondary  pump  source.  The  dual-wavelength  pumped  Raman-resonant 
four-wave  mixing  with  a  broad-band  primary  pumping  laser  can  be  described  in  a  cw  analysis  by 
deriving  coupled  equations  describing  spatial  evolution  of  self-correlation  functions  of  the  primary 
pump  and  its  Stokes  field  components.  The  Fourier  transform  of  the  self-correlation  function 
corresponds  to  the  spectrum  profile.  These  self-correlation  functions  are  coupled  through  a  cross¬ 
correlation  function  of  the  relevant  fields. 

Figure  2  shows  evolutions  of  the  self-correlation  functions  <Fi*(t')Fi(t)>,  where  Fi's  are  the 
complex  field  envelope  for  i-th  wave  (i=0  for  primary  pump,  i=-l  for  1st  Stokes  of  primary  pump). 
An  F2  laser  with  the  spectral  width  of  100  pm  (FWHM)  and  the  intensity  of  4  MW/cm^  was  assumed 
for  the  primary  pump,  and  a  single-frequency  KrF  excimer  laser  (7^248nm)  with  the  intensity  of  40 
MW/cm?  was  assumed  for  the  secondary  pump.  The  Stokes  field  of  the  secondary  pump  is  seeded  in 
the  phase-matched  direction  with  the  intensity  of  0.4  MW/em^.  The  Raman  medium  is  assumed  to  be 
H2  gas  with  a  density  of  20  amagats.  The  self-correlation  functions  at  lt-t'l=0  corresponds  to  the 

intensity.  Therefore,  one  can  observe  that  an  almost  complete  conversion  from  the  pump  to  the 
Stokes  occurs  at  a  certain  propagation  distance  z,  as  in  the  results  obtained  with  a  single-frequency 
laser  [1].  One  can  also  see  that  the  profiles  of  the  self-correlation  functions  of  the  primary  pump  and 
its  Stokes  waves  are  kept  almost  the  same  as  that  of  the  incident  primary  pump  radiation  at  z=0. 
Therefore,  the  spectrum  of  the  primary  pump  laser  is  maintained  in  the  the  Stokes  spectrum.  This  is 
quite  natural  because  a  strong  phase-locking  occurs  in  the  dual-wave  pump)ed  Raman  process  with  an 
intense  secondary  pump  that  fixes  the  relative  phase  of  a  primary  pump  and  its  Stokes  waves  to  that 
of  a  secondary  pump  and  its  Stokes  waves.  This  is  also  verified  analytically  from  the  coupling 
equations. 

Figure  3  shows  similar  calculation  results  to  Fig.  2,  but  with  an  increased  primary  pump 
bandwidth  of  1.0  nm  (FWHM)  and  a  medium  density  of  60  amagats.  All  the  other  parameters  are 
fixed  as  those  used  in  Fig.  1.  Different  conversion  property  from  that  in  Fig.  1  is  observed.  At  the 
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end  of  propagation  (z~11.5crji).  the  self-correlation  function  width  of  the  Stokes  beam  is  slightly 
wider  than  that  of  the  pump  self-correlation  function,  therefore  the  Stokes  field  becomes  a  narrower 


band  width  than  the  pumping  field.  In  turn,  the  complete  intensity  conversion  from  the  primary  pump 
to  the  Stokes,  which  is  observed  in  Fig.  2,  is  not  found  in  Fig.  3.  These  are  caused  by  wavelength 
dispersion,  v/hich  makes  a  cro.v5-corrc!ation  function  between  the  pump  and  the  Stokes  asymmetric 
w'ith  respect  to  t  and  t'.  This  dispersion  effect  arises  from  a  time-derivative  term  in  the  coupled 
equations  [1],  which  gives  only  small  contribution  in  the  single-frequency  pumping.  Contribj.ition  of 
the  time-derivative  term  increases  as  the  phase  fluctuation  of  the  p-unip  laser  increases.  Theoretical 
disci’ssions  on  the  dispersion  effect,  as  w'ell  as  rmoierically  determined  conditions  for  optimizing  the 


spectra!  narrowing  effect,  will  be  given  at  the  presentation. 
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Fig,  1  Phase-matched  wave-vector  configuration  for  dual-wavelength-pumped  Raman-resonant  four- 
wave  mixing  (a).  Selective  enhancement  of  Stokes  conversion  of  the  primary  pump  is  possible  by 
introducing  a  significant  phase-mismatch  for  the  anti-Stokes  process  (b). 
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Fig.  2  Self-correlation  functions  of  the  primary  pump  <F3*(t')Fo(t)>  (left)  and  its  Stokes 
<F-i  (t')F-i(t)>  (right)  fields  plotted  along  the  time  interval  It-t'l  and  the  propagation  distance  z.  The 
primary  pump  band  width  and  the  medium  density  at  z=0  are  O.I  nm  and  20  amagats,  respectively. 
Other  boundary  conditions  are  given  in  the  text. 


I  t  -  t'  I  (ps) 


Fig.  3  Self-correlation  functions  of  primary  pump  and  its  Stokes  fields,  for  the  case  with  the  incident 
pump  laser  bandwidth  of  1.0  nm  and  the  medium  density  of  60  amagats.  Other  boundary  conditions 
are  unchanged  from  Fig.  2.  Notice  that  the  numbers  on  It-t'l  axis  are  10  times  smaller  than  those  in 
Fig.  2. 
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Brillouin  Induced  Mutually  Pumped  Phase  Conjugation  in  Reflection 

Geometry 


R.  Saxena  and  I.  McMichael 
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Thousand  Oaks,  CA  91360 
(805)  373-4157 

SUMMARY 

A  mutually  pumped  phase  conjugator  (MPPC)  generates  the  phase-conjugate  replicas  of 
two  incoherent  incident  beams.  Each  input  beam  is  converted  into  the  phase-conjugate  replica 
of  the  other  by  Bragg  diffraction  off  a  shared  grating.  In  photorefractive  mema,  several 
configurations  differing  in  their  number  of  intemd  reflections  from  the  crystal  siufaces  were 
demonstrated;^  for  efficient  operation,  the  two  incoherent  beams  must  have  comparable  input 
intensities.  However,  applications  like  phase-conjugate  heterodyne  delation  require  the  device 
to  work  for  large  imbalance  of  input  beam  intensities,  when  a  weak  optical  signal  from_  a  remt^e 
transmitter  is  combined  with  the  strong  beam  from  a  local  oscillator.  A  modest  extension  of  me 
dynamic  range  can  be  obtained  by  increasing  the  photorefractive  g_ain;i  however,  it  is  desirable 
to  extend  the  dynamic  range  of  the  device  to  severd  orders  of  magnitude.  ^  ,  t.  -n  • 

MPPC  has  also  been  studied  in  electrostrictive  Kerr  media  by  utilizing  the  Bnllouin  gam 
in  a  transmission  geometry.^  An  advantage  of  MPPC  in  elecfrostrictive  K&n  media  over 
photorefractive  media  is  the  large  dynamic  range  of  input  beam  ratio  over  which  me  prwess  will 
occur.  This  is  because  if  one  beam  intensity  is  large  enough  to  satisfy  the  t^eshold  condition  tor 
the  total  beam  intensity,  then  a  small  intensity  of  the  second  beam  will  initiat^e  process  of 
MPPC.  However,  none  of  this  work  has  been  corroborated  experimentally.  There  has  been 
recent  theoretical  and  experimental  work  on  MPPC  in  electrostrictive  Kerr  media  using  the 
reflection  geometry.'^  That  large  dynamic  range  was  also  possible  in  reflection  geometry/  was 
discussed  in  Ref.  4,  but  here  we  present  the  first  solutions  to  the  transcendental  equation  that 
illustrate  this  possibility. 


3^  " 


z  =  0  z  =  L 

Electrostrictive 
Kerr  Medium 


(a) 


(b) 


Fig.  1  (a)  Schematic  diagram  showing  MPPC  using  reflection  gratings  in  an  electrostrictive 
Kerr  medium,  (b)  Wave  vector  diagram  for  MPPC  using  reflection  gratings. 
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The  geometry  for  the  nonlinear  interaction  responsible  for  MPPC  is  shown  in  Fig.  1(a) 
and  Fig.  1(b).  Input  beams  1  and  4  are  a  pair  of  mutually  incoherent  beams  that  enter  through  the 

front  face  of  the  nonlinear  medium  and  intersect  at  an  angle  29.  Acoustic  phonons  that  are 
initially  present  in  a  transparent  Kerr  medium  like  CS2  due  to  thermal  and  quantum  noise  cause 
Stokes  scattering  of  the  input  beams  in  all  directions.  Also,  a  photon  from  each  input  beam  can 
be  spontaneously  converted  into  a  frequency  downshifted  Stokes  photon  and  an  acoustic  phonon. 
The  coherently  generated  Stokes  waves  wiU  interfere  with  the  input  beam  to  produce  interference 
patterns  which  travel  at  the  acoustic  velocity,  and  which  drive  acoustic  waves  by 
electrostriction.^  These  acoustic  waves  induce  index  gratings  in  the  medium,  and  the  index 
grating  that  diffracts  each  incoherent  input  beam  into  the  phase-conjugated  output  of  the  other 
input  beam  beam  will  be  reinforced  by  both  the  beams.  Hence  this  mutual  index  grating  has  the 
maximum  gain  compared  to  all  the  other  possible  gratings,  and  we  label  the  corresponding 
Stokes  scattered  wave  of  input  beam  1  as  beam  3,  beam  3  being  the  phase-conjugate  of  input 
beam  4.  Similarly,  the  relevant  Stokes  wave  of  input  beam  4  is  beam  2,  and  this  is  the  phase- 
conjugate  of  pump  beam  1.  Coupled- wave  equations  for  the  complex  beam  amplitudes  Ai  (i=lto 
4)  describe  the  energy  exchanged  between  the  various  beams  at  steady-state: 

f  (Ai4  +  A*2A4)A3 


-|(A*iA3  +  A2<)A4 


~  2  ^  •^1^3  ^2^  )Al 


(Ai/f3  +  A!‘2A4)A2  .  (1) 

where  g  is  the  Brillouin  gain  coefficient.  Assuming  non-zero  Stokes  seeds  at  the  z  =  L  backplane 
that  arise  from  the  mutual  scattering  of  each  input  beam  in  a  direction  counterpropagating  to  the 
other  input  beam:  A2L  =  f  A4(L),  A3L  =  f  Ai(L),  f  being  the  mutual  scattering  coefficient  that  is 
equal  in  amplitude  and  phase  for  both  the  pumps,  we  obtain  the  following  transcendental 

equation  for  the  phase-conjugate  reflectivity  R  =  IA3(0)  /A4ol^: 


dAj  _ 
dz  ~ 

dA2  _ 
dz  “ 

dA3  _ 
dz 


R  =  qlfl2exp[G(l-R/q)]  (2) 

Here  q  is  the  intensity  ratio  of  the  two  incoherent  beams  at  the  z=  0  input  plane:  q  =  Iio  / 140.  and 
G  =  g(Iio+WL  is  the  total  Brillouin  gain.  The  phase-conjugate  reflectivity  S  in  the  other  arm  is 
equal  to  IA2(0)  /A*ol^  and  is  related  to  R  by:  S  =  R/q2.  The  device  transmissivity  T  measures  the 
fraction  of  each  input  beam  that  is  converted  into  the  phase-conjugate  output  of  the  other  beam, 
and  is  equal  for  both  inputs.  Note  that  if  Ifl^  =  0,  i.e.,  I2L  =  I3L  =  0>  then  the  phase-conjugate 
reflectivities  R  and  S  are  equal  to  zero.  Hence  finite  seed  values  of  the  Stokes  waves  are 
required  for  MPPC  to  work  in  reflection  geometry.  Fig.  2  is  a  plot  of  the  solutions  of  Eq.  (2) 
showing  the  phase-conjugate  reflectivities  R,  S  and  transmissivity  T  as  a  function  of  the  input 
intensity  ratio  q  on  a  log-log  scale,  for  a  fixed  value  of  Brillouin  gain  G4=18  satisfied  by  the 
strong  input  beam  4.  This  is  below  the  threshold  value  required  for  self-SBS  (  ~  23)  of  input 
beam  4.  We  take  Ifl^  =  lO’^^  for  noise  induced  Stokes  scattering.  Increasing  q  is  equivalent  to 
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increasing  Iio,  keeping  l4o  and  hence  G4  fixed.  Note  that  the  weak  input  beam  Iio  (q  -  10'^)  is 
phase-conjugated  with  a  reflectivity  greater  than  unity.  (S  =  60).  Since  S  is  inversely 

proportional  to  Iio,  S  decreases  with  increasing  q  for  q  <  lO'k  As  q  is  further  increased,  the  total 
Brillouin  gain  increases,  leading  to  increased  conversion  of  input  beam  I40  into  the  Stokes  beam 
12(0),  as  seen  by  the  increase  in  T.  This  compensates  for  the  decrease  of  S  with  increasmg  Iio,  so 
that  S  actually  increases  for  a  limited  range  of  q  values.  When  the  total  Brillouin  gain  is  enough 
to  convert  most  of  the  input  beams  into  their  Stokes  waves,  then  any  further  increase  in  q  results 
in  decreasing  S  once  again.  R  is  a  monotonically  increasing  function  of  q  because  its 
denominator  I40  is  a  fixed  quantity,  and  increase  in  Iio  results  in  more  conversion  of  this  input 
beam  into  its  Stokes  wave  l3(0). 


Fig.  2  Phase-conjugate  reflectivities  R,  S  and  transmissivity  T  as  a  function  of  intensity  ratio  of 
the  two  input  beams  q,  for  Ifl^  =  lO'^^  and  G4  =  18. 

In  conclusion,  we  studied  Brillouin  induced  MPPC  in  the  reflection  geometry  and 
obtained  solutions  illustrating  that  a  weak  beam  can  be  phase-conjugated  with  reflectivities  larger 
than  unity.  The  technique  works  for  a  large  dynamic  range  of  input  beam  ratio  as  the  intensity  of 
the  weak  input  beam  is  increased,  while  the  intensity  of  tiie  strong  incoherent  input  beam  is  kept 
constant  below  the  threshold  value  for  self-SBS. 
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The  nonlinear  fiber  loop  mirror  (NFLM)  switches  based  on  the  Kerr  effects  of 
fibers  has  received  a  considerable  attention  for  their  potential  application  as  high  speed 
all-optical  signal  processing  devices.  High  power  pump  beams  needed  for  the  NFLM 
switches  to  induce  large  nonlinear  refractive  index  change  in  the  fiber  may  cause  other 
nonlinear  processes  such  as  the  stimulated  Raman  scattering(SRS),  the  modulation 
instability(MI),  and  the  parametric  mixing.  Therefore,  it  is  important  to  investigate  the 
effects  of  other  nonlinear  processes  on  the  switching  profiles  of  the  NFLM.  In  this 
presentation  we  report  the  detailed  characteristics  of  Kerr  switching  profiles  of  the 
NFLMs  under  high  power  pumping.  Pumping  powers  to  induce  a  37t  phase  shift  in  the 
fibers  was  strong  enough  to  generate  SRS  and  MI. 

The  experimental  set-up  used  in  our  experiments  is  shown  in  Fig.  1.  The 
nonlinear  fiber  used  in  the  NFLM  was  a  500-m  long  polarization  maintaining  fiber.  A 
cw  probe  beam  from  a  1530-nm  DFB  laser  diode  was  split  into  two  counterpropagating 
beams,  Igi  and  Is2,  entering  into  the  NFLM  through  a  3  dB  fiber  coupler.  1053-nm 
mode-locked  Nd:YLF  laser  pulses  of  a  100  ps  pulse  width  and  76  MHz  repetition  rate 
used  as  pump  pulses,  and  coupled  into  the  NFLM  via  a  WDM  coupler  1  whose 
coupling  ratios  were  100  :  0  and  5  :  95  at  the  probe  and  pump  beam  wavelengths, 
respectively.  The  pump  beam  exits  from  the  NFLM  through  a  WDM  coupler2  which  is 
identical  to  the  WDM  coupler  1.  The  switched  profiles  of  the  probe  beam  and  the 
spectral  profiles  of  the  pump  beam  were  measured  by  a  high  speed  photodiode  and  an 
optical  spectrum  analyzer,  respectively. 

Fig.  2  (a)-(d)  show  the  switched  probe  beam  profiles  of  the  NFLM  switches 
and  the  spectral  profile  of  the  outcoming  pump  beams  from  the  NFLM  at  various 
pump  powers  of  130,  330,  600,  and  850  mW,  for  which  the  equivalent  phase  shifts 
are  0.5  n,  1.3  71,  2.3  n ,  and  3.3  71,  respectively. 


Objective 


Fig.  1  Experimental  set-up  for  measurements  of  the  effects  of  SRS  on  the 
switching  profiles  of  the  nonlinear  fiber  loop  mirror. 


The  Kerr  switching  profile  can  be  written  as 

4  =^[l-cos{^!ii(0-<i^2}]  (1) 

where  (/)  and  (j)2  are  the  phase  shifts  of  the  copropagating  probe  beam,  Ig^,  and  the 
counteipropagating  probe  beam,  Ig2,  with  the  pump  beam,  respectively.  The  peak 
value  of  (l)^{t)  saturates  to  due  to  the  walk-off  effect  between  pump  beam  and 
Igl.[l]  The  is  proportional  to  the  peak  intensity  of  the  pump  beam  times  the  pump 
pulse  width  and  inversely  proportional  to  the  group  delay  difference,  x  (in  ns/km), 
between  the  pump  and  probe  beams.  The  phase  shift,  is  proportional  to  the  average 
intensity  of  pump  beam  times  fiber  length,  L.[2]  The  temporal  duration  of  the  Ken- 
switching  profile  equals  to  x  L.  For  our  500-m  long  polarization  maintaining  fiber  the 
group  delay  difference  between  a  1053-nm  pump  wavelength  and  a  1535-nm  probe 
wavelength  was  7.0  ns/km,  and  the  temporal  duration  of  Kerr  switching  profile  was 
3.5  ns.  The  phase  shift,  (f)2,  was  about  18  %  of  and  causes  the  background 
floating  on  the  switching  profiles.  The  gradually  decreasing  section  of  the  switching 
profile  in  Fig.  2  (a)  is  attributed  to  the  intensity  decrease  along  the  fiber  caused  by  its 
optical  loss,  1 .7  dB  /km. 

Fig.  2  (b)  shows  a  completely  switched  case,  in  which  4>\sat  is  1.3  n.  It  is 
shown  that  there  is  a  background  level  floating  as  much  as  13  %  of  the  peak  value 
because  of  (1)2  =  0.23  n.  An  1 103-nm  SRS  signal  appears  in  the  pump  spectrum,  but  its 
energy  is  not  strong  enough  to  influence  the  switching  profile.  The  measured  threshold 
power  to  generate  the  SRS  was  270  mW. 

Fig.  2  (c)  shows  the  switched  profile  and  pump  spectrum  for  =  2.3  n.  Two 
side  lobes  appear  in  the  pump  spectra,  and  its  wavelength  shift  from  the  center 
wavelength  is  13  nm.  Since  the  pump  wavelength  was  at  the  normal  dispersion  region, 
it  represents  the  cross-phase  modulation  induced  modulation  instability(MI)  through  the 
interaction  between  the  pump  and  SRS  pulses.  The  side  lobes  shown  in  the  Raman 
spectra  behave  as  expected  according  to  the  typical  MI  theory  [3],  although  the  red  shift 
is  not  resolvable  because  of  the  self-phase  modulation  induced  broadening  on  the  SRS 
pulse.  The  measured  threshold  power  to  generate  the  MI  was  about  450  mW.  In  the 
switched  temporal  profile,  however,  the  effect  of  SRS  and  MI  can  not  be  shown 
clearly.  The  peaks  shown  in  the  leading  and  trailing  edges  of  the  switched  profile 
indicate  that  the  corresponding  phase  shift  difference  between  and  (j)2  is  n.  The 
gradually  increasing  section  in  the  middle  of  the  switched  probe  beam  profile  represents 
that  the  phase  difference  between  and  ^2  decreases  from  2  n  to  n  due  to  the 
fiber  loss. 

For  the  pump  beam  power  of  600  mW  which  cause  a  phase  shift  =  3.3  71, 
the  SRS  signal  appears  strong,  and  depletes  the  1053-nm  pump  beam,  which  eventually 
influences  the  Kerr  switching  profiles.  Fig.  2  (d)  shows  the  output  profiles  which  result 
from  the  interaction  among  the  probe,  pump,  and  SRS  beams  in  the  fiber.  The  energy 
conversion  rate  from  the  pump  pulse  to  the  SRS  pulse  was  measured  to  be  about  40  %. 
The  SRS  pulse  moves  faster  than  the  pump  pulse  in  the  normal  dispersion  region  of  the 
fiber.  The  measured  group  delay  difference  between  the  SRS  and  pump  beams  was  2 
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ns/km,  and  thus  the  group  delay  difference  between  the  probe  and  SRS  beams  was  5 
ns/km.  The  SRS  pulse  leaves  from  the  500-m  long  fiber  earlier  than  the  pump  pulse  as 
much  as  1  ns.  Before  SRS  pulse  leaves  the  fiber  both  the  pump  and  SRS  pluses 
contribute  to  affect  the  switching  profile.  Since  the  total  energy  is  conserved,  the 
switched  temporal  profile  is  the  same  as  in  the  case  where  the  pump  propagates  along 
the  fiber  without  the  energy  conversion  to  SRS.  Due  to  the  fiber  loss  the  phase  shift 
difference,  (t>xsar  ^2’  decreased  from  2.6  tc  to  2  ti.  After  SRS  pulse  leaves  the  fiber,  only 
the  pump  beam,  portion  of  which  was  depleted  by  the  SRS,  contributes  to  affect  the 
switching  profile.  The  phase  shift  difference  rapidly  decreases  from  2  xc  to  tt,  and  the 
switched  output  intensity  rapidly  increases  from  0  to  1,  which  is  shown  near  the 
trailing  edge  of  the  switching  profile  in  Fig.  2  (d). 

By  comparing  Fig.  2  (c)  with  Fig.  2  (d)  one  can  see  that  the  switched  probe 
beam  intensities  near  the  trailing  edge  of  the  two  switched  profiles  do  not  change  even 
though  the  input  pump  power  increases  from  600  to  850  mW.  This  is  mainly  due  to 
the  conversion  of  the  pump  pulse  to  the  SRS  pulse  energy  by  as  much  as  the  amount  of 
the  pump  power  increment. 
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Fig.  2  Measured  Kerr  switching  profiles  and  pump  beam  spectra  for  various  incident 
pump  powers  of  (a)  130  mW,  (b)  330  mW,  (c)  600  mW,  and  (d)  850  mW. 
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For  many  applications,  it  is  important  to  modulate  a  semiconductor  laser  at  very  high  rates  (>  tens 
GHz),  It  usually  requires  the  use  of  high  speed  electronics  and  operating  the  laser  at  high  currents, 
unless  some  passive  mode  locking  techniques  are  used.  Recently,  a  technique  based  on  the  self¬ 
modulation  of  the  polarization  in  an  edge-emitting  semiconductor  laser  was  used  for  generating  high 
frequency  optical  pulses  without  requiring  high-speed  electronics [1,2].  Demonstration  of  polarization 
self-modulation  using  a  vertical-cavity  surface-emitting  laser  (VCSEL)  is  particularly  appealing 
because  VCSELs  are  well  suited  for  two  dimensional  array  applications  including  optical 
interconnection  and  optical  storage[3,4]  and  because  they  exhibit  different  intrinsic  polarization 
properties  from  edge-emitting  lasers  [5,6]. 

The  structure  of  the  GaAs/AlGaAs  VCSEL  used  in  our  experiment  is  similar  to  that  described  in 
Ref.  4.  The  VCSEL  is  operated  CW  at  room  temperature  and  lases  at  a  wavelength  of  about  835  nm. 
The  output  light  from  a  VCSEL  is  linearly  polarized  along  either  the  <01 1>  or  the  <01 1  >  (  denoted  by 
Pi  I  and  Px  modes)  crystal  direction.  These  two  modes  are  nearly  degenerate  because  of  the  symmetrical 
circular  active  region[6,7]. 

The  experimental  setup  used  to  study  polarization  self-modulation  in  a  VCSEL  is  shown  in  Fig.  1. 
The  extended  cavity  is  formed  by  the  VCSEL  and  a  partial  reflecting  mirror  {R=  65%),  with  a  zero 
order  quarter-wave  plate  inserted  in  between.  The  optical  axis  of  the  quarter-wave  plate  is  oriented  at  45 
degrees  with  respect  to  the  polarization  directions  of  Pn  and  Px  .  After  one  complete  round-trip  through 
the  extended  cavity,  the  quarter-wave  plate  acts  to  change  the  polarization  state  of  the  retroreflected 
light  by  90  degree  (from  Pi  i  to  Px  and  vice  versa).  This  polarization-rotated  feedback  light  forces  the 
polarization  of  the  laser  to  switch[7].  Therefore  Pi  i  (or  Px)  is  the  dominant  mode  every  other  extended 
cavity  round-trip,  i.e.,  the  polarization  of  the  VCSEL  oscillates  between  the  two  cross  polarization 
modes  every  extended  cavity  round-trip  time.  To  detect  the  polarization  self-modulation  signals,  another 
quarter-wave  plate  is  placed  outside  the  extended  cavity  to  convert  the  circularly  polarized  light 
transmitted  through  the  partial  reflecting  mirror  back  into  linearly  polarized  Pi  i  (or  Px)  light.  This  light 
is  then  resolved  into  its  Pi  i  and  Px  components  by  means  of  a  polarizing  beamsplitter.  Each  polarized 
signal  is  detected  by  an  avalanche  photodiode  (APD).  The  signal  from  the  APD  is  amplified  by  a 
broadband  amplifier  and  displayed  on  an  oscilloscope  and/or  an  RF  spectiiim  analyzer. 

As  discussed  above,  each  polarized  mode  is  dominant  every  other  extended  cavity  round-tiip  time, 
Xj..  Therefore  the  modulation  frequency/^  of  the  self-modulated  signal  is  governed  by 


IXj.  2x2Lgff 
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Fig.l  Schematic  diagram  of  the  experimental  setup. 
(PRM)  partial  reflecting  Mirror,  (PBS)  polarizing 
beamsplitter,  (APD)  avalanche  photodiode. 


1/Lg„  (1/cm) 


Fig.2  Plot  of  modulation  frequency  versus 
the  effective  extended  cavity  length  %• 


where  c  is  the  speed  of  light  in  vacuum,  is  the  effective  extended  cavity  length  and  is  given  by 
Lgff  -  L  +  l  +  {ngiass-'^)^{diens'^^QWP  )•  f/  and  /  are  the  lengths  of  the  extended  cavity  and  the 

VCSEL  chip,  respectively,  is  the  refractive  index  of  glass,  and  dgy^p  are  the  thicknesses  of 
the  collimating  lens  and  the  quarter-wave  plate,  respectively.  Fig.  4  shows  the  measured  modulation 
frequency  as  a  function  of  the  effective  length  of  the  extended  cavity.  The  theoretical  prediction  is 
indicated  by  a  solid  line  and  agrees  well  with  the  experimental  observation. 

The  physical  principle  behind  polarization  switching  in  a  VCSEL  is  based  on  an  external  feedback- 
induced  frequency  locking  mechanism.  Since  the  VCSEL  has  a  very  high  (  =  99.5%  )  top  mirror 
reflectivity,  the  origin  of  our  polarization  self  switching  is  different  from  the  one  that  was  previously 
studied[l,2],  where  the  quarter- wave  plate  was  an  integral  part  of  an  external  ring  cavity  formed  by  an 
anti-reflection  coated  semiconductor  laser  (  ~  1%  )  and  four  mirrors.  In  our  case,  however,  the  quarter- 
wave  plate  changes  the  polarization  state  of  the  retroreflected  hght  externally.  This  polarization-rotated 
feedback  light  then  induces  an  injection  locking  in  the  VCSEL  and  leads  to  a  switching  of  the 
polarization  state[7].  It  should  be  stressed  that  this  switching  does  not  require  the  critical  biasing  of  the 
injected  current 

Fig.  3  shows  typical  oscilloscope  waveforms  of  the  measured  Pi  i  and  Pj.  modulated  light  signals  for 
an  extended  cavity  length  of  16.5  cm,  corresponding  to  a  repetition  rate  of  about  450  MHz.  The 
modulation  depth  is  measured  to  be  80%,  which  is  partly  limited  by  the  quarter-wave  plates  whose 
operation  wavelength  is  not  optimized  to  the  lasing  wavelength  of  the  VCSEL.  In  addition,  it  can  be 
seen  from  the  figure  that  the  Pi  i  and  P±  modulated  lights  have  nearly  the  same  amplitude.  This  means 
that  two  nearly  equal  amplitude  complementary  high  frequency  modulation  signals  can  be  generated 
simultaneously  by  using  a  VCSEL  with  the  very  simple  setup  shown  in  Fig.  1. 

In  the  experiment,  we  have  successfully  observed  polarization  self-modulation  signals  with  a 
repetition  rate  up  to  6  GHz.  The  oscilloscope  waveforms  of  the  modulation  signals  at  frequencies 
exceeding  1.5  GHz  are  not  available  because  of  the  bandwidth  limitation  of  the  oscilloscope  ( Tekttonix 
7104).  Instead,  those  signals  are  measured  with  an  RE  spectrum  analyzer.  Fig.  4  shows  a  RE  spectrum 
of  a  modulated  signal  at  a  frequency  of  6  GHz.  An  optical  switching  energy  of  order  1  fj  is  extracted 
from  these  measurements. 

The  maximum  observable  self-modulation  frequency  is  currently  limited  by  the  physical  length  of 
the  setup.  However,  since  the  polarization  self-modulation  results  from  the  alternate  polarization 
switching  between  the  two  cross  polarization  modes,  it  is  a  two-mode  switching  process.  The  two-mode 
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Fig.  3  Oscilloscope  waveform  of  polarization 
self-modulation  signal  at  a  frequency  of  450  MHz. 
upper  trace:  Pii  light,  lower  trace:  Pj.  light. 


Frequency  (GHz) 


Fig  .4  RF  Spectrum  of  a  polarization  self¬ 
modulation  signal  at  6  GHz.  Vertical  scale 
is  10  dB/div. 


switching  involves  a  gain  competition  mechanism  between  the  two  laser  modes.  The  total  concentration 
of  carriers  inside  the  cavity  is  kept  almost  constant  during  the  switching.  Therefore,  the  switching  speed 
is  primarily  limited  by  the  cavity  lifetime(photon  lifetime)  rather  than  by  the  carrier  lifetime[8].  It  has 
been  theoretically  predicted[9]  that  the  speed  of  the  polarization  switching  in  a  semiconduct(x  laser  can 
be  as  high  as  100  GHz.  Since  the  cavity  lifetime  in  a  VCSEL  can  be  shorter  than  that  in  a  conventional 
edge-emitting  laser,  the  polarization  switching  speed  in  a  VCSEL  can  be  expected  to  be  faster  than  that 
in  edge-emitting  laser.  Moreover,  the  difference  in  optical  gain  between  the  two  quasi-degenerated 
polarization  modes  is  very  small  in  a  VCSEL,  which  could  also  lead  to  a  faster  switching  speed  and 
lower  switching  energy.  Therefore,  our  approach  is  potentially  scalable  to  ultrahigh  speed  operation 
(100  GHz  or  beyOTd)  by  integrating  a  VCSEL  with  a  polarization  switching  component  The 
implementation  of  this  is  presently  under  way.  We  believe  that  it  may  lead  to  potential  applications  in 
ultrahigh  speed  oj^cal  clocks  and  optical  storage. 
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Summary 

Generation  of  ultrashort  light  pulses  tunable  in  the  whole  visible  and  infrared  spectral 
region  is  of  considerable  interest  for  a  wide  range  of  applications.  Nonlinear  frequency 
mixing  techniques  are  well  suited  to  generate  such  ultrashort  tunable  light  pulses  with 
a  high  repetition  rate  in  these  wavelength  ranges.  In  particular,  second  harmonic,  sum 
and  difference  frequency  generation  allow  for  the  generation  of  tunable  light  pulses  in 
a  wide  wavelength  range  depending  on  the  laser  sources  used.  Femtosecond  pulses, 
e.  g.  ,  have  been  generated  in  the  wavelength  range  from  1.3  pm  to  1.6  pm  by 
difference  frequency  mixing  of  the  cw  mode  locked  radiation  of  a  Nd:YAG  laser  and 
a  dye  laser  [1,2],  In  this  contribution  we  report  on  the  generation  of  tunable 
picosecond  pulses  in  the  wavelength  range  from  620  nm  to  680  nm,  725  nm  to  900 
nm,  and  2.6  pm  to  4  pm  by  frequency  conversion  processes  between  the  cw  mode 
locked  radiation  of  a  NaCI:OH  color  center  laser  and  a  Nd:YAG  laser  which  is  also 
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used  as  the'  pump  source  for  the  color  center  laser. 

The  color  center  laser  produced  pulses  of  5  ps  length  st  a  repetition  rate  of  76  MHz 
with  an  average  power  of  approximately  2  W.  It  was  tunable  with  a  birefringent  filter 
from  1.45  pm  to  1.8  prn.  The  color  center  laser  was  synchronously  pumped  by  a  cw 
mode  locked  Md;Y.AG  laser  (90  ps  pulse  length,  repetition  rate  76  MHz,  average 
power  20  W).  8  W  of  the  pump  radiation  was  used  for  pumping  whereas  the 
remaining  12  W  were  used  for  the  mixing  experiment.  The  pulses  from  the  color 
center  laser  and  the  Nd:YAG  laser  were  synchronized  in  time  with  an  optical  delay 
line  and  after  proper  alignment  of  the  polarizaiion  overlappsd  and  focussed  into  the 
nonlinear  crystal. 

There  are  several  cr>'Sta!s  which  can  be  used  for  frequency  mixing  1.64  pm  and  1.45 


pm  ...1.8  pm  radiation,  e.  g.  LiJ03 


KTP,  AgGaS^  and  KNbOs. 


We  have  chosen 


KNb03  becausa  of  the  high  nonlinearity,  the  reiativiy  large  acceptance  bandwidth  and 
the  good  thermal  properties.  With  a  single  KNb03  crystal  cut  in  the  xz-plane  (©  =  40") 
the  follovving  nonlinear  processes  are  possible  by  adjusting  the  proper  polarization  of 

the  two  interacting  wavelengths: 

1.  second  harmonic  generation  of  the  color  center  laser  (oo-s,  type  1), 

2.  sum  frequency  generation  (oo-e,  type  I), 

3.  difference  frequency  generation(eo-e,  type  !i). 

A  typical  tuning  curve  of  the  difference  frequency  signal  as  a  function  of  the  color 
center  laser  wavelength  is  shown  in  Fig.  1. 
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Fig.  1  Tuning  curve  of  the  difference  frequency  process  between  the  radiation  of  the 
color  center  laser  and  the  Nd:YAG  laser  as  a  function  of  color  center  laser 
wavelength.  The  phase  match  angle  is  shown  on  the  right  hand  side  of  the 
figure. 


A  total  wavelength  range  from  2.6  pm  to  4  pm  can  be  covered,  in  principle,  using  type 
I  (oo-e)  difference  frequency  mixing.  We  have  generated  up  to  50  mW'  average  power 
infrared  radiation  between  3  pm  and  4  pm  using  a  7.8  rnm  long  xz-cut  KNb03  crystal. 


The  crystal  was  AR  coated  on  both  sides  for  1.6  pm  and  1.064  pm. 
in  the  case  of  sum  frequency  generation  with  the  same  crystal  we  have  obtained  up 
to  300  mW.of  average  power  in  the  wavelength  range  from  620  nm  to  680  nm.  The 
second  harmonic  generation  of  the  color  center  laser  radiation  resulted  in  up  to  220 
mW  between  725  nm  and  900  nm. 

The  pulse  v^^idth  for  ail  processes  is  mainly  determined  by  the  pulse  width  of  the  color 
center  laser  and  was  around  6  ps.  Group  velocity  mismatch  (GVM)  between  the  three 
interacting  wavelengths  does  not  lead  to  an  increase  in  pulselength  for  crystal  lengths 
and  wavelength  used  in  this  experiment.  Group  velocity  mismatch  can  also  be 
neglected  for  ps  pulses. 
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Fig.  2  Group  velocity  mismatch  (GVM)  between  Xnci:yag.  ^cl-  W  KNbOg 


The  limiting  factors  in  the  conversion  efficiency  are  the  small  acceptance  angle  of 
about  0.026°  and  the  walk-off  angle  of  3.5°.  Therefore  a  tight  focus  will  not  result  in 
a  higher  conversion  efficiency. 

In  summary  we  have  shown  that  a  cw  mode  locked  NaCI;OH  color  center  laser  can 
be  used  to  generate  tunable  pulses  between  620  nm  to  680  nm.  725  nm  to  900  nm, 
and  2.6  pm  to  4  pm  by  frequency  mixing  with  ps  radiation  from  a  cw  mode  locked 
Nd:YAG  laser.  The  pump  laser  for  the  color  center  laser  itself  can  be  used  as  the 
second  source  for  the  mixing  process  so  that  no  extra  ps  source  for  the  mixing 
process  is  required.  Using  a  xz-cut  KNbOj  crystal  41°  average  output  powers  of  300 
mW  in  the  wavelength  range  from  620  nm  to  680  nm  and  up  to  50  mW  in  the 
wavelength  range  from  3  pm  to  4  pm  were  obtained. 
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We  investigate  the  dielectric  properties  of  LiTa03  and  LiNh03  'n  the  THz  regime  hy 
measuring  the  dynamics  of  coherently  generated  phonon-polaritons.  The  dielectric  response 
of  these  ferroelectric  crystals  is  dominated  hy  the  lowest-energy  lattice  vibration  of  Aj 
symmetry.  This  so-called  ferroelectric  mode  is  associated  with  a  strong  absorption  peak  at  6 
THz  (200  cm'i)  in  LiTa03  and  at  7.5  THz  (250  cm'*)  in  LiNb03.  properties  of  these 
vibrations  are  strongly  affected  by  the  displacement  of  ions  which  occurs  when  the  lattice 
temperature  approaches  the  ferroelectric  phase  transition  temperature.  The  dielectric 
properties  of  LiTa03  and  LiNb03  ^an  be  described  by  modelling  these  modes  with  a 
microcopic  vibrational  potential  within  one  unit  cell.'  The  structure  of  this  potential 
determines  critically  the  polariton  response.  Therefore,  the  experimental  determination  of  the 
phonon-polariton  dispersion  and  damping  provides  information  about  the  microscopic 
properties  of  LiTa03  and  LiNb03. 

Coherent  polariton  wavepackets  are  excited  and  probed  in  a  three-beam  pump-probe  set¬ 
up,  using  intense  femtosecond  laser  pulses  derived  from  an  amplified  CPM  laser  (pulse 
duration  =  60  fs,  bandwitdh  AhVp^  =  44  meV,  =  625  nm,  Ep^is  =  5  pj).  Two 
pump  pulses  are  focused  onto  the  sample  under  a  chosen  angle  to  a  common  focus  of  200  p 
m.  Polaritons  are  impulsively  generated  by  difference-frequency  generation  within  the 
bandwidth  of  the  pump  pulses.  The  wavevector  kp  of  the  polaritons  is  given  by  the  angle 
between  the  pump  beams.  The  generation  process  is  phase-matched  for  the  frequency  that  is 
given  by  the  polariton  dispersion  0)(kp)  and  creates  two  counterpropagating  polariton  wave 
packets.  Due  to  the  electro-optic  effect  the  polaritons  are  associated  with  a  refractive  index 
grating  that  diffracts  the  time-delayed  probe  pulse  Interference  of  the  diffracted  light  with 
background  scattered  light  results  in  a  heterodyne  detection,  leading  to  a  signal  that  oscillates 
with  the  frequency  of  the  polariton.  The  polariton  dispersion  is  determined  by  varying  the 
angle  between  the  pump  pulses. 


Figure  1:  Time- 
resolved  measurement 
of  phononpolariton 
beats  in  LiNbOq.  The 
inset  shows  the 
Fourier  transform  of 
the  oscillating  signal. 
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At  certain  wavevectors,  the  oscillating  signal  becomes  irregular  and  shows  a  beating 
structure,  as  shown  in  Fig,  1  The  inset  shows  the  Fourier  transform  of  the  oscillating  signal. 
This  demonstrates  that  two  polariton  frequencies  are  generated,  and  that  polaritons  with  a 
frequency  of  2.4  TFIz  cannot  be  excited.  This  effect  is  explained  by  a  we^k  resonance  at  2.4 
THz  which  is  associated  with  an  avoided  crossing  in  the  polariton  dispersion,  i.e.  a  splitting 
into  two  dispersion  branches.  Near  this  avoided  crossing,  polaritons  in  the  upper  and  lower 
branch  can  be  excited  with  comparable  efficiency,  leading  to  polariton  beats. ^  In  LiNb03, 
our  data  indicate  four  resonances  at  1.3  THz,  2.4  THz,  3.4  THz,  and  4,1  THz.  In  LiTa03’ 
we  find  a  weak  resonance  at  1  THz  This  is  clearly  visible  in  the  experimentally  determined 
polariton  dispersions  which  are  indicated  by  the  dots  in  Figs.  2  and  3.  The  frequencies  of 
these  resonances  are  much  below  the  frequencies  of  all  fundamental  phonon  modes. 


Figure  2:  Phonon-polariton  dispersion  in  LiNb03. 

The  presence  of  these  low-frequency  resonances  can  be  explained  by  a  strong 
anharmonicity  of  the  ferroelectric  mode.  It  has  been  found,  that  this  lattice  vibration  can  be 
described  by  a  vibrational  potential  that  contains  three  minima  within  one  unit  cell  and  is 
tilted  due  to  the  local  electric  field  in  the  ferroelectric  phase.  The  fundamental  phonon 
frequency  corresponds  to  transitions  between  states  that  are  localized  in  the  lowest  well  of 
this  potential.  Excited  states  which  are  delocalized  over  several  wells  have  a  much  lower 
energy  separation,  resulting  in  low-frequency  resonances  in  the  dielectric  function.  The 
measured  frequencies  and  absorption  strengths  of  these  resonances  allow  a  precise 
determination  of  the  shape  of  the  vibrational  potential  in  LiNb03  .and  LiTa03.  The  polariton 
dispersions  calculated  from  these  potentials  are  shown  as  lines  in  Figs,  2  and  3 

The  resonances  at  1  THz  in  LiTa03  and  1.3  THz  in  LiNb03  identified  as  tunneling 
resonances  that  correspond  to  classically  forbidden  oscillations  of  the  Li"*"  ion  between  two 
potential  wells.  The  triple-well  potential  also  provides  a  correct  description  of  the 
ferroelectric  phase  transition  and  the  temperature  dependence  of  the  dielectric  response.  This 
has  been  verified  by  measurements  of  the  polariton  dispersion  and  damping  in  LiTa03  at 
various  temperatures.^ 
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Figure  3:  Phonon-polariton  dispersion  LiTa03. 

In  conclusion,  we  study  the  THz  dielectric  response  of  LiTa03  and  LiNb03  with 
coherent  phonon  polaritons.  We  obtain  microscopic  information  about  the  anharmonicity  of 
the  ferroelectric  phonon  mode.  This  is  relevant  for  a  basic  understanding  of  ferroelectricity  in 
these  materials. 
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Although  much  work  has  already  been  done  to  understand  the  processes  taking  place 
in  a  nonlinear  fiber  coupler,  the  theory  of  this  device  is  still  incomplete.  Only  special 
(and  simple)  cases  have  been  considered  using  numerical  [l]-[5]  or  semi-analytical  [6]- [9] 
approaches.  On  the  other  hand,  experimental  data  have  shown  that  pulse  propagation 
on  this  device  is  not  always  so  simple.  For  example,  the  pulse  can  break  up  into  smaller 
pulses;  this  effect,  which  leads  to  incomplete  self-switching,  cannot  be  explained  using 
simple  theories.  Hence,  a  more  elaborate  approach  based  on  the  theory  of  Hamiltonian 
dynamical  systems  is  needed. 

The  systematic  investigation  of  a  Hamiltonian  dynamical  system  should  consist  of  the 
following  steps  (either  analytically  or  numerically):  (i)  Finding  the  stationary  solutions 
(singular  points);  (ii)  Investigation  of  their  stability  (establishing  the  type  of  point); 
(iii)  Study  of  the  evolution  of  the  unstable  states,  and  (iv)  solution  of  the  initial  value 
problem.  Step  (i)  of  this  sequence  has  been  done  previously  in  Ref.flO],  where  the  full  set 
of  soliton  states  for  the  coupled  set  of  nonlinear  Schrodinger  equations  has  been  found 
and  a  bifurcation  diagram  for  them  has  been  constructed.  Step  (ii)  has  been  partly  (for 
symmetric  and  antisymmetric  states  in  a  limited  range  of  parameters)  done  in  Ref.  [4] .  A 
comprehensive  study  of  the  stability  properties  of  the  full  set  of  soliton  states  has  been 
completed  in  [11].  Step  (iii),  and  partially  step  (iv),  are  accomplished  in  this  work. 

The  results  from  steps  (iii)  and  (iv)  can  be  found  asymptotically  for  large  distances  of 
propagation,  where  the  soliton  states  are  well  separated  from  the  radiation  and  from  each 
other.  This  is  analogous  to  a  single  NLSE  where  asymptotic  results  can  be  predicted  from 
the  spectrum  of  the  inverse  scattering  problem.  At  short  propagation  distances  there  is 
still  a  strong  interaction  between  the  different  parts  of  the  solution,  and  so  each  case  has 
to  be  considered  separately.  Both  cases,  i.e.  short  and  long  couplers,  can  be  interesting  in 
practice.  Note  also  that  we  are  considering  here  only  the  cases  when  two  or  more  soliton 
states  are  well-separated  at  the  output.  The  cases  when  they  are  superimposed  on  each 
other  are  more  complicated  and  require  more  numerical  simulations  to  understand  the 
processes  in  the  coupler. 

Pulse  propagation  in  a  dual- core  fiber  coupler,  including  the  effects  of  dispersion  to 
second  order  and  self-phase  modulation  can  be  described  in  terms  of  two  linearly- coupled 


397 


nonlinear  Schrodinger  equations: 


r  iU^  +  \Urr^\U\^U  +  KV  =  ^ 

\  iv^  +  iKr  +  +  ii:t/  =  0 

where  U{^,t)  and  V(^,r)  are  the  electric  field  envelopes,  K  is  the  normalized  couphng 
coefficient  between  the  two  cores,  ^  is  the  normalized  longitudinal  coordinate,  r  is  the 
normalized  retarded  time,  and  the  equations  are  written  assuming  anomalous  group 
velocity  dispersion  (GVD). 

An  invariant  of  Eqs.(l)  is  the  Hamiltonian: 


^  ^  _  Fi--ivr  _  ^ 

J—OO  2  2 


Using  Eq.(2)  Eqs.(l)  can  be  written  in  a  canonical  form: 


Eqs.(2)  and  (3)  define  the  Hamiltonian  dynamical  system  on  an  infinite-dimensional 
phase-space  of  two  complex  functions  U,  V  decreasing  to  zero  at  infinity. 

Eqs.  (1)  have  stationary  solutions.  In  particular,  the  set  of  Eqs.(l)  has  symmetric 
and  antisymmetric  solutions.  In  addition  to  symmetric  and  antisymmetric  states,  the 
set  of  Eqs.(l)  has  also  asymmetric  solutions  with  unequal  field  components.  There  are 
no  analytic  solutions  for  them,  but  they  can  be  found  numerically  (see  Ref. [10]).  There 
are  two  different  families  of  asymmetric  solutions.  They  have  been  named  in  Ref.[10]: 
A-and  B-type  asymmetric  states.  The  A-  and  B-type  asymmetric  states  split  off  from 
the  symmetric  and  antisymmetric  states  at  bifurcation  points.  An  exhaustive  study  of 
the  stability  of  all  of  these  types  of  soliton  states  can  be  found  in  Ref.  [11]. 

By  using  the  approach  of  nonlinear  dynamical  systems  generahzed  to  systems  with 
infinite  degrees  of  freedom,  it  is  possible  to  predict  qualitatively  the  behaviour  of  pulses 
propagating  along  a  nonlinear  directional  coupler.  Depending  on  the  initial  energy  of 
the  signal  at  the  input,  the  output  pulses  are  always  close  to  one  of  the  stable  soliton 
states:  to  a  symmetric  state  below  the  point  of  bifurcation  or  to  an  cisymmetric  A-state 
above  the  point  of  minimum  energy.  Although  the  total  energy  of  the  input  signal  is 
conserved,  we  can  consider  the  central  (signal)  pulse  as  having  energy  losses  related 
to  the  emission  of  radiation  from  the  central  pulse.  Radiation  plays  an  essential  role 
in  the  processes  of  pulse  transformations,  allowing  the  pulses  to  adjust  their  energies 
to  those  corresponding  to  the  stable  soliton  states.  Stable  soliton  states  are  alwa.ys 
excited  with  small  perturbations  unless  the  initial  condition  is  an  exact  soliton  state. 
The  perturbation  behaves  oscillatorily  because  its  growth  rate  is  purely  imaginary  for 
stable  states.  Hence,  arbitrary  initial  conditions  produce  periodic  motion  around  stable 
sohton  states  after  the  radiation  is  emitted.  This  general  idea  can  be  applied  to  any 
particular  case. 

The  antisymmetric  states  split  off  into  two  A-type  asymmetric  soliton  states.  The 
surplus  energy'  is  radiated  in  the  form  of  small  subpulses.  The  two  asymmetric  A-type 
states  separate  from  each  other.  This  means  that  two  A-type  states  will  appear  at  the 
output  v/ith  certain  delay,  which  depends  on  the  length  of  the  coupler.  The  sequence  of 
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appearance  of  the  two  asymmetric  A-type  states  is  defined  by  the  sign  of  the  perturbation 
in  the  initial  conditions. 

For  smooth  initial  pulses  launched  into  one  of  two  cores,  there  can  be  different  regimes 
depending  on  the  initial  energy  of  the  signal:  (i)  If  the  total  energy  of  the  input  pulses  is 
lower  than  some  Qo  (Qo  =  Qm  +  Qr,  where  Qm  is  the  energy  at  the  point  of  bifurcation 
and  Qfi  w  O.IQm  is  the  radiated  energy),  then  the  field  will  consist  of  radiation  (which 
decreases  the  amount  of  energy  in  the  signal)  and  periodic  oscillations  around  a  stable 
symmetric  state.  The  oscillations  gradually  decay  with  propagation  so  that  the  signal 
converges  to  the  symmetric  soliton  state.  This  convergence  is  slower  for  smaller  initial 
energies.  For  very  low  initial  energies,  the  oscillations  have  larger  amplitudes  and  are 
nondecaying.  In  the  linear  limit,  the  coupler  swaps  the  energy  of  the  pulses  between  the 
channels  as  in  the  case  of  CW  initial  conditions;  and  (ii)  If  the  energy  of  the  initial  pulse  is 
higher  than  Qo,  then  the  propagating  field  consists  of  radiation  and  periodic  oscillations 
around  an  asymmetric  A-type  state.  We  can  observe  the  unequal  pulse  amplitudes  at 
the  output  of  the  coupler.  There  is  an  intermediate  range  of  energies  where  symmetric 
and  asymmetric  states  exist  at  the  same  value  of  energy.  It  can  happen  in  this  case 
that  the  motion  consists  of  periodic  oscillations  around  both  symmetric  and  asymmetric 
soliton  states  simultaneously.  If  the  energy  of  the  initial  pulse  is  much  higher  than  Qo, 
so  that  it  is  enough  to  excite  two  or  more  soliton  states,  then  several  sohton  states  will 
appear. 
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Conical  emission  has  long  been  associated  with  spectral  super  broadening  [1]  (SSB)  and  has 
been  attributed  to  four-photon  coupling[3].  Recent  laboratory  experiments[2]  demonstrate  that  SSB 
correlates  with  the  threshold  for  self- focusing  (SF).  Both  these  experiments  and  several  numerical 
studies  suggest  that  SF  is  inhibited  by  normal  group  velocity  dispersion  NGVD.  Near  this  threshold 
SSB,  conical  emission  and  pulse  sphtting  occur  explosively. 

We  will  report  on  a  self-consistent  theory  of  critical  self-focusing  in  the  presence  of  normal  group 
velocity  dispersion.  The  underlying  physical  phenomena  are  all  contained  in  the  spatiotemporal 
dynamics  of  short  laser  pulses  described  by  the  nonlinear  Schrodinger  equation  (NLS), 


^.,dA  dkdA 
dz  ^  du  dt 


+  VM- 


d^k  dA 


+  2P—\A\^A  =  0. 

Hq 


(1) 


where  k”  =  d'^k/du'^\uo  >  0  for  NGVD.  We  will  show  that  the  conical  emission  predicted  by  this 
equation  is  due  to  a  fundamental  four-wave  interaction  that  promotes  the  transport  of  energy  to  a 
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band  of  inodes  with  finite  frequency  and  energy  shifts.  This  mechanism  was  originally  identified  in 
the  break-up  of  one  dimensional  envelope  solitons  of  ocean  surface  waves  by  transverse  perturbations 
[4],  These  modes  are  closely  related  to  those  of  the  modulational  instability  (MI)  of  the  condensate 
or  uniform  plane  wave  solution.  Pulse  sphtting,  spectral  broadening  and  conical  emission  are 
intimately  related,  and  each  is  a  consequence  of  this  wave  interaction.  Figure  1(a)  shows  a  contour 
of  the  pulse  intensity  and  far-field  spectrum  (in  6  and  u)  just  at  the  instant  of  splitting  and  Figure 
1(b)  depicts  the  same  quantities  just  after  the  pulse  splits.  Notice  the  strong  spectral  features  in 
the  (0-Lo)  plane  that  emerge  along  the  intersecting  straight  lines  which  is  simply  the  locus  of  four 
wave  resonant  vectors  satisfying  the  relation  where  is  the  shift  in  frequency  and  k 

the  shift  in  wavenumber.  It  is  easy  to  see  from  this  figure  that  a  spectrally  filtered  far-field  will 
exhibit  conical  emission  at  the  blue  and  red-shifted  ends  of  the  generated  supercontinuum  with  the 
diameter  of  the  cone  increasing  with  frequency  shift  from  the  center  outwards  in  either  direction. 

We  wiU  also  show  that  complex  spatiotemporal  evolution  of  the  pulse  up  to  and  just  beyond 
the  splitting  point  can  be  captured  by  a  simple  set  of  coupled  ordinary  differential  equations  whose 
phase  portraits  give  quantitative  information  on  the  critical  focusing  and  pulse  sphtting  process. 
The  singular  perturbation  method  we  use  is  motivated  by  the  idea  that  the  initial  2D  transverse 
self-focusing  (2D  collapse)  has  a  universal  self-similar  form  which  can  act  as  the  relevant  transverse 
mode  as  long  as  the  dispersion  (NGVD)  is  initially  weak.  The  simple  theory  yields  quantitative 
agreement  with  the  full  numerical  simulation  of  the  above  NLS  equation  even  beyond  the  sphtting 
point.  Prehmianry  results  on  the  effect  of  Raman  scattering  on  critical  focusing  show  that  the 
“effective”  refractive  index  can  oscillate  in  sign  for  certain  reahstic  experimental  situations  and 
lead  to  strong  temporal  modulation  along  the  self-focusing  pulse. 
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Figure  1(a)  Pulse  intensity  contours  (r,t)  at  the  moment  preceding  splitting  and  accompanying 
superbroadened  spectrum  {k,oj).  (b)  The  same  graph  after  the  pulse  split. 
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Generation  of  subpicosecond  infrared  laser  pulses  produced 
by  optical  switching  from  low  temperature  grown  gallium  arsenide 

J.  Meyer  and  A.Y.  Elezzabi,  Department  of  Physics,  The  University  of  British  Columbia, 
Vancouver,  B.C.,  Canada,  V6T  IZl,  Tel.:(604)  822  6577 

The  generation  of  ultra  short  pulses  at  the  C02-laser  wavelength  can  provide  a  unique  and 
indispensable  tool  in  the  investigation  of  several  interesting  fundamental  processes  which  occur  in 
picosecond  and  femtosecond  time  scales.  We  are  interested  in  the  apphcation  of  such  pulses  for 
the  investigation  of  semiconductor  properties,  for  example;  the  measurement  of  kinetics  of  non 
equihbrium  electron-hole  plasmas,  fast  carrier  relaxation  times,  time-resolved  transport  properties 
inside  semiconductor  buried  structures  and  interfaces  and  induced  intraband  coherence  effects  in 
quantum  wells. 

Pico/femtosecond  optical  semiconductor  switching  using  both  a  reflection  and  a  transmission 
switch  for  10.6  pm  has  been  used  before  to  produce  pulses  as  short  as  ISOfsf  However,  for  many 
experiments,  for  example  those  involving  intra  cavity  switching  it  is  desirable  to  operate  with  a 
single  reflection  switch.  To  this  end  we  investigated  many  semiconductor  surface  structures  in  this 
talk  we  will  discuss  the  fastest  and  most  reliable  structure  investigated  which  is  capable  to 
generate  10pm  pulses  shorter  than  500fs. 

The  C02-laser  pulse  is  created  by  reflection  from  a  transient  metalholike  semiconductor  plasma. 
The  speed  of  this  switching  technique  relies  on  the  ultra  short  carrier  life  time  (siO.Sps)  in  low 
temperature  molecular  beam  epitaxy  (MBE)  grown  GaAs  (LT-GaAs)^.  Subpicosecond 
recombination  time  is  achieved  through  the  introduction  of  high  density  As-recombination  centers 
during  the  growth  of  GaAs.  Our  experiments  show  that  LT-GaAs,  grown  under  the  following 
conditions  is  ideally  suited  for  optical  semiconductor  switching  of  below  band  gap  IR  radiation. 
The  LT-GaAs  layer  is  grown  by  MBE  on  a  semi-insulating  GaAs  substrate.  The  substrate  is 
treated  in  an  UV  generated  ozone  atmosphere  for  4  minutes  to  remove  any  residual  organics  from 
the  wafer  surface.  The  oxide  is  desorbed  thermally  in  the  MBE  growth  chamber  which  roughens 
the  surface  of  the  substrate.  The  surface  is  smoothed  by  growing  a  2pm  thick  (Ipm/hr)  GaAs 
buffer  layer  at  a  temperature  of  600^0.  Next,  a  lOOnm  thick  GaAs  temperature-transition  layer  is 
grown  on  the  buffer  layer.  During  this  growth  the  substrate  temperature  is  lowered  from  600^0 
to  320®C  in  6  min.  Following  this,  a  layer  of  LT-GaAs  is  grown  at  320^0  with  an  As2  to  Ga  at 
various  flux  ratios,  typically  of  3:1.  For  most  of  our  experiments  a  200nm  thickness  of  LT-GaAs 
is  sufficient,  which  corresponds  to  the  absorption  depth  of  600nm  radiation.  Then  the  sample  is 
heated  fi'om  320®C  to  550®C  in  3  min  and  annealed  for  6  min  at  550^0  under  As2  flux.  The 
substrate  temperature  is  measured  to  within  ±1^0  using  difiuse  reflectance  spectroscopy^. 

The  resultant  LT-GaAs  layer  and  GaAs  substrate  is  transparent  to  IR  radiation.  However,  once 
illuminated  with  a  visible  laser  pulse  with  sufficient  energy  fluence  to  produce  an  electron-hole 
plasma  density  ^lol^cm"^  the  layer  becomes  reflective  to  C02-laser  radiation  in  a  time  less  than 
the  visible  pulse  duration.  Significant  reflectivity  will  persist  as  long  as  the  carrier  density  is  s: 
lOl^cm"^.  As  precipitates  in  the  LT-GaAs  layer  act  as  ultra  fast  recombination  centers.  If  enough 
As  (~1%)  is  introduced  in  the  layer  it  is  possible  to  reduce  the  carrier  density  below  lOl^cm"  3  in 
less  than  0.5ps.  Thus  it  is  possible  to  reflect  subpicosecond  IR  pulses. 
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One  series  of  experiments  was  performed  in  the  following  way.  Single  mode,  polarized  radiation 
from  a  35W  cw-C02-laser,  operated  on  a  single  gain  line  (P20)  is  focused  to  a  spot  size  of  1.2 
mm^^  onto  the  LT-GL\s  layer  at  Brewster's  angle  of  incidence  (~72*^).  This  way  we  obtained  a 
contrast  ratio  between  the  reflected  pulse  and  remnant  reflected  background  radiation  of 
The  excitation  of  the  switch  is  provided  by  a  laser  system  consisting  of  a  synchronously  m.ode- 
locked  dye  laser  (616nm,  370fs,  82MHz)  followed  by  a  three  stage  dye  (Rh640)  amplifier  chain 
which  is  pumped  by  the  frequency  doubled  output  of  a  Nd;YAG  regenerative  amplifier.  The 
system  delivers  ImJ,  450fs  pulses  at  616nm  with  a  repetition  rate  of  lOHz.  A  50:50  beamsplitter 
splits  the  output  into  two  pulses.  One  pulse  (control  pulse)  is  concentrated  to  a  2mm  diameter 
spot  on  the  LT-GaAs  layer  completely  covering  the  C02-laser  spot.  This  generates  the  ultra  short 
IR  pulse.  The  angular  separation  between  the  IR-  and  control  beams  is  kept  to  a  minimum  ('-5®) 
in  order  to  prevent  wave  front  distortion  of  the  reflected  IR  pulse  during  switch  out. 

The  foUowng  cross  correlation  technique  was  used  to  measure  the  temporal  IR  pulse  shape.  A 
50  pm  thin  Si  semiconductor  wafer  acting  as  a  cut  off  switch  is  placed  at  normal  incidence  with 
respect  to  the  focused  IR  and  second  optical  pulses  which  has  passed  through  a  variable  optical 
delay  line.  Pure  Si  transmits  the  IR  radiation  except  for  30%  surface  reflection  losses.  However, 
upon  irradiation  by  the  visible  pulse  free  carriers  are  generated  over  the  absorption  depth  of 
2.8pm.  Due  to  the  induced  IR  reflection  and  free  carrier  absorption  the  IR  transmission  of  the 
wafer  changes  from  0.7  to  zero  at  the  applied  irradiance  within  a  time  of  ~100fs,  measured  in  a 
separate  experiment  and  remains  unrecovered  for  ~20ns.  The  transmitted  IR  radiation  is 
recollimated  and  detected  by  a  Cu;Ge  IR  detector-GHz-amplifier  combination.  The  detected 
signals  are  integrated,  digitiz^  and  stored  on  a  computer  in  combination  with  the  simultaneously 
monitored  and  digitized  visible  pulse  energy.  By  varying  the  optical  delay  of  the  second  visible 
pulse  we  obtain  the  cross  correlation  signal  between  the  IR  pulse  and  the  optical  gate  whose  first 
derivative  effectively  displays  the  IR  pulse  shape. 

These  cross  correlation  measurements  can  be  compared  with  calculations  based  on  a  theoretical 
model  in  which  the  free  carriers  are  generated  exponentially  decreasing  in  density  both  in  the  LT- 
Gm\s  and  the  buffer  layers  by  a  Gaussian  pulse  of  450fs  FWHM  convoluted  with  the  following 
free  carrier  dynamics.  The  carriers  in  the  LT-GaAs  layer  recombine  exponentially  wth  a  lifetime 
of  0.5ps  while  the  carriers  in  the  exponential  tail  in  the  buffer  layer  difiuse  at  D=20cm2/s  both 
towards  the  bulk  and  towards  the  LT  layer.  The  resulting  evolution  of  the  carrier  density  is 
calculated  and  the  amplitude  reflectivity  is  found  by  integrating  over  the  reflectivity  of 
infinitesimal  density  steps  using  the  Drude  model.  The  intensity  reflectivity  is  then  integrated  from 
zero  to  time  t  to  simulate  the  cross  correlation  measurements.  The  resulting  pulse  shape  is  very 
sensitive  to  the  assumed  LT-life  time  and  the  FWHM  of  the  optical  pulse. 

The  following  figure  shows  a  typical  result  of  the  experiment  (points  with  standard  error  of  at 
least  20  measurements)  and  the  model  prediction  (full  curves)  in  which  the  maximum  free  carrier 
density  reached  was  5xl0l9cm“3.  The  curves  indicate  a  Ips  IR  pulse  followed  by  a  long  low 
intensity  tail  due  the  diffusing  carriers  in  the  buffer  layer.  Furthermore  the  results  indicate  that  the 
described  experiment  in  comparison  with  the  model  calculatioris  can  provide  a  good  determination 
of  the  free  earner  relaxation  time.  Shorter  pulses  as  is  predicted  by  the  model  can  be  attained  at 
lower  visible  pulse  fluence,  however  experiments  become  much  more  difficult  due  to  the  rapidly 
decreasing  detected  IPv  pulse  energies.  The  experiments  would  be  greatly  improved  if  control 
pulses  of  duration  much  shorter  than  the  free  carrier  lifetime  (e.g.  lOOfs)  were  to  be  used.  Finally 
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we  would  like  to  point  out  that  by  reflecting  far  infra  red  pulses  of  100pm  off  the  described 
switch  pulses  of  less  than  one  optical  cycle  can  be  produced. 


In  a  second  series  of  experiments  we  measure  the  spectrum  of  the  ultra  short  reflected  IR  pulse 
using  an  IR  monochromator-pyro-electric-array  combination.  Sacrificing  statistics  these 
experiments  had  to  be  earned  out  using  a  pulsed  hybrid  C02"laser  operating  at  a  maximum 
repetition  rate  of  one  Hz.  Details  of  the  spectrum,  including  a  possible  chirp  will  be  reported. 

The  authors  thank  T.  Tiedje  for  the  use  of  the  MBE  machine,  S.R  Johnson  for  grov/ing  the 
samples  and  acknowledge  the  assistance  of  S.  Knotek,  D.  DiTomaso,  and  T.  Felton.  This  work  is 
supported  by  the  Natural  Science  and  Research  Council  of  Canada. 
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We  demonstrate  a  novel  solid-state  three-dimensional  display  using  rare  earth  doped  heavy  metal  fluoride  glass  as 
the  active  medium.  In  this  device,  two  laser  beams  intersect  inside  a  bulk  glass  at  room  temperature  to  address  a 
pixel  in  three-dimensional  space.  The  two-step  resonant  upconversion  process  requires  two  different  infrared 
wavelengths  to  produce  visible  radiation.  In  this  manner,  a  pixel  can  be  addressed  only  at  the  intersection  of  the  two 
laser  beams.  By  scanning  the  intersection  of  these  beams  inside  the  display  material,  true  three-dimensional  figures 
can  be  drawn.  ^  For  practical  applications  with  high  bit  densities  and  low  power  pump  lasers,  high  upconversion 
efficiency  is  necessary.  Recent  work  on  upconversion  in  fluoride  glasses,  motivated  by  fiber  amplifier  and  short 
wavelength  laser  development,  has  identified  fluoride  glass  hosts  and  rare  earth  dopants  as  systems  that  have  high 
radiative  recombination  rates  and  high  upconversion  efficiencies.  In  this  presentation  we  demonstrate  three- 
dimensional  displays  in  both  trivalent  praseodymium  (Pr^'*':ZBLAN)  and  in  trivalent  thulium  (Tm^"'";ZBLAN) 
doped  bulk  fluoride  glass. 

Bulk  heavy  metal  fluoride  glass  samples  were  fabricated  using  the  reactive  atmosphere  processing  technique.  We 
chose  ZBLAN  as  the  host  due  to  its  stability  in  the  vitreous  phase,  transparency  in  the  infrared,  and  the  ability  to 
incorporate  high  rare  earth  dopant  concentrations.  Starting  mole  percentages  used  in  the  samples  were  53%  ZrF4  * 
20%  BaF3  *  (4-x)%  LaF3  *  3%  AIF  *  20%  NaF  *  x%  rare  earth,  with  x  ranging  from  .1%  to  2%  PrF3  and  TmF3. 
Samples  were  melted  in  vitreous  carbon  crucibles  at  850  degrees  C  in  a  chlorine  gas  atmosphere  for  1.5  hours,  then 
quenched.  Typical  sample  volumes  of  1  cubic  cm  weighing  roughly  4  grams  were  used. 

The  upconversion  fluorescence  spectra  were  measured  using  two-step  photoexcitation  which  populates  the  ^Pq  and 
^Pl  levels  in  praseodymium  and  the  ^64  and  ^D2  levels  in  thulium.  Figure  1  shows  the  energy  levels  of  Pr^"'"  and 
Tm^'*'  doped  ZBLAN  glass  populated  by  the  laser  wavelengths  used.  The  population  of  the  ^D2  level  in  Tm  can 
arise  from  a  combination  of  two-step  upconversion  and  cross-relaxation  processes. 


Figure  1 .  (a)  Energy  level  diagram  for  Pr3+  doped  ZBLAN  glass  using  pump  wavelengths  of  1064  nm  and  840 
nm;  (b)  Energy  level  diagram  of  Tm3+  doped  ZBLAN  glass  using  pump  wavelengths  of  800  nm  and  1064  nm. 
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The  upconverted  fluorescence  spectra  of  Pr:ZBLAN  excited  with  cw  pump  wavelengths  of  1064  nm  and  840  nm 
and  of  TmiZBLAN  excited  with  800  nm  and  1064  nm  are  shown  in  figure  2.  The  Pr:ZBLAN  spectrum  is  similar  to 
that  obtained  from  argon  ion  laser  pumping  and  from  two-photon  excitation  using  other  wavelengths. Contrast 
ratios  between  single  frequency  upconversion  and  two-photon  upconversion  will  be  discussed. 
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Figure  2.  (a)  Fluorescence  spectrum  of  Pr^"*"  doped  ZBLAN  glass  pumped  at  1064  nm  and  840  nm. 
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Figure  2.  (b)  Fluorescence  spectrum  of  Tm^"*"  doped  ZBLAN  glass  pumped  at  800  nm  and  1064  nm. 

As  a  device  demonstration  we  used  a  rotating  mirror  and  refractive  optics  to  scan  the  laser  pump  beams  into  the 
praseodymium  doped  glass  sample,  as  shown  in  figure  3.  The  1064  nm  beam  was  reflected  at  a  near  normal  incident 
angle  from  a  mirror  mounted  on  a  3600  RPM  electric  motor.  This  beam  was  focused  to  a  50  micron  spot  and 
scanned  conically  inside  the  sample.  The  840  nm  laser  beam  was  focused  cylindrically  into  a  50  micron  thick 
stationary  plane.  Circles  and  ellipses  on  the  order  of  5  mm  in  diameter  were  drawn  inside  the  sample  by 
intersecting  the  cone  and  plane  to  form  conic  sections.  Addressing  of  300  50-micron  pixels  was  done  at  a  scan  rate 
of  60  Hz.  Simple  calculations  show  that  given  present  upconversion  efficiencies,  we  should  be  able  to  address 
30,000  pixels  with  sufficient  brightness  and  bandwidth  to  be  suitable  for  desk-top  viewing  under  normal  room 
lighting  conditions.  In  the  presentation  we  will  discuss  relative  efficiencies  of  different  dopants  and  glass  hosts  and 
additionally  the  merits  of  different  excitation  and  scanning  schemes. 
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Figure  3,  Diagram  of  scanning  system  used  to  draw  circles  in  Pr^"^  doped  ZBLAN  glass. 
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Introduction 

High  bit  rate  communication  systems  of  the  future  will  demand  ultrafast  devices  for  routing 
signals,  controlling  polarisation,  converting  wavelengths  and  performing  logical  functions.  Without 
doubt  it  is  a  great  benefit  when  all  this  can  be  done  completely  in  the  optical  domain.  In  this  paper 
we  describe  a  device  based  on  a  Nonlinear  Mach-Zehnder  interferometer  (NMI)  which  exploits 
cross-phase  modulation  (XPM)  of  two  co-propagating  modes  in  bimodal  branches.  This  is  in  contrast 
to  the  device  as  introduced  in  [1]  which  exploits  XPM  of  orthogonally  polarised  modes  of 
monomode  waveguides.  The  advantage  of  the  new  concept  is  the  fact  that  the  device  becomes 
polarisation  independent  while  keeping  phase  insensitive  by  using  different  propagation  constants  of 
the  modes  of  the  bimodal  branches. 

Basic  operation  ^  i  L  _ ^ 

A  schematic  lay-out  of  the  pro-  '  *  Lr  ^ ^  . ^  ^ 

posed  Nonlinear  Mach-Zehnder  inter-  LX/  1  r  NH2^ 

ferometer  is  shown  in  Figure  1.  The  Pp  [B[r  ^ 

structure  is  assumed  to  consist  of  *  ^  ^ 

materials  with  Kerr  nonlinearities.  It  2  ^  ' 'w'2  \w  ^  ^ 

has  three  inputs;  the  middle  one  is 

used  for  insertion  of  a  probe  beam  ' _ '  ^ 

(Pn),  the  two  outer  waveguides  for 

insertion  of  control  beams  (P^.  and  Figure  1:  Schematic  lay-out  of  the  proposed  NMI. 

).  The  probe  beam  is  equally  divided 

over  two  branches  by  the  central  Y-junction  and  each  of  them  is  also  the  wider  input  of  an  asym¬ 
metrical  Y-junction.  When  carefully  designed  [2]  these  latter  Y-junctions  eause  the  modes  from  the 
wider  input  channel  and  the  smaller  input  channel  to  convert  adiabatically  into  the  fundamental  and 
first  order  modes  respectively  of  the  bimodal  waveguides  1  and  2.  So  when  both  probe  and  control 
power  are  inputted  as  fundamental  and  first  order  modes  they  will  co-propa.gate  through  the  bimodal 
sections  and  induce  mutual  phase  changes  by  XPM.  At  the  end  of  the  branches  the  fundamental 
mode  (the  probe)  and  the  first  order  mode  (the  control)  are  separated  with  the  same  asymmetrical 
Y-junctions,  now  used  in  reversed  direction  since  they  act  as  mode-splitters  in  this  direction.  The 
fundamental  modes  propagate  into  the  centre  Y-junction  at  the  output  where  they  v/ill  recombine. 
The  in-phase  parts  will  add  up  to  form  the  fundamental  mode  of  the  output.  The  transmission  of  the 
probe  can  be  given  by: 


:  COS^(A(J)/2) 
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where  A(j)  is  the  phase  difference  of  the  two  fundamental  modes  at  the  end  of  the  branches.  The  phase 
of  the  fundamental  modes  at  the  end  of  the  branches  is  determined  by  the  propagation  constant  and 
the  self-phase  modulation  (SPM)  of  the  probe  mode  and  the  XPM  by  the  control.  Using  the  expres¬ 
sions  for  the  nonlinear  polarisation  and  restricting  the  terms  to  those  at  co=coo  (the  frequency  of  the 
light  used)  which  are  independent  of  the  propagation  co-ordinate,  the  nonlinear  induced  phase 
change  of  the  probe  modes  is  given  by  [3]: 

A^‘(L,Pp,pJ)  =  +  2e-,P')L  {i=l,2}  (2) 

where  i  denotes  the  branch  and  L  is  the  length  of  the  branches.  The  nonlinear  coupling  coefficients 
are  given  by  the  well-known  overlap  integrals: 

oo  oo 

r  c 

G|lv=^  nQn2Q\E^^{x,y)\^\Ey{x,y)?-dxdy  {v,|a  =  p,c}  (3) 


where  E^  and  E^  denote  the  normalised  fields  of  modes  v  and  p.  in  branch  i  and  where  «2e  the  non¬ 
linear  Kerr-index.  Assuming  that  the  branches  are  identical  the  phase  difference  at  the  output  is 
given  by: 

A(t)  =  A(l);-A(l)J  =  2(2ps(P^P^)L  (4) 

For  the  case  of  one  input  (i.e.  say  P\~0)  the  switching  power  is  found  for  A(l)=7r: 


-  2Q^^L 

It  is  worthwhile  remarking  that  for  isotropic  waveguide  structures  the  field  profiles  are  not 
strongly  depending  on  the  polarisation.  There  is,  however,  in  general  a  dependence  of  n2e  on  the 
polarisation  direction  thus  making  the  nonlinear  coupling  coefficients  polarisation  sensitive.  Never¬ 
theless,  since  the  switching  curves  are  rather  flat  around  P=P^,  according  to  (1)  more  than  93% 
switching  can  be  obtained  by  taking  P^  as  the  average  value  of  the  Pg-values  for  cross-  and  equi- 
polarised  beams.  Furthermore  by  avoiding  working  in  the  proximity  of  any  resonance's,  the  disper¬ 
sion  of  ^26  '''ill  I’o  relative  small  thus  making  the  device  operate  at  a  range  of  wavelengths  even 
when  using  different  probe  and  control  wavelengths.  Finally  A(j)  is  independent  of  Pp  implying  that, 
according  to  this  first  order  analysis,  any  probe  power  can  be  switched  by  the  controls.  Hence,  the 
device  enables  modulation,  amplification  and  wavelength  and  polarisation  conversion  at  one  time. 


Numerical  results 

As  an  example  of  the  proposed  concept  we  numerically  investigated  a  possible  implementation 
of  the  structure  in  Al^Caj.^As  technology.  The  waveguide  geometry  comprises  a  40%  A1  substrate,  a 
1.0  pm  thick  18%  A1  film  layer  and  a  1.5  pm  thick  30%  A1  cladding  layer,  etched  down  to  0.35  pm 
in  the  regions  adjacent  to  the  waveguides.  Taking  these  concentrations  the  bandgap  energy  will  be  a 
little  higher  than  2  times  the  photon  energy  for  1 .55  pm  wavelength  thus  virtually  eliminating  two- 
photon  absorption  [4].  Refractive  indices  and  nonlinearities  were  calculated  using  expressions  as 
given  in  [5].  The  mode  profiles  of  the  waveguides  were  analysed  by  means  of  a  Finite  Difference 
scheme  [6] .  Results  of  these  calculations  were  compared  to  those  of  Nonlinear  Effective  Index  calcu¬ 
lations  [7]  showing  very  good  similarity  with  regard  to  the  field  profiles  and  the  nonlinear  coupling 
coefficients.  This  implies  that  further  analysis  of  the  device  lay-out  could  be  pursued  by  applying 
two  dimensional  BPM  calculations. 
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The  Y-junctions  were  optimised  using  simple 
approximate  expressions  [8].  It  was  found  that  0.15 
degrees  branching  angles  in  combination  with  2  and 
2.5  )im  wide  input  waveguides  gives  a  Mode 
Conversion  Factor  of  =  2.  This  on  its  turn  should 
yield  a  mode  selectivity  of  ~26  dB  which  indeed 
was  nearly  (24  dB)  observed  in  Enhanced  Finite 
Difference  Beam  Propagation  (EFDBPM) 
calculations  [9].  A  branch  to  branch  separation  of 
20  jarn  was  fourid  to  give  sufficient  decoupling  (-60 
dB)  of  the  modes  in  the  two  branches  of  the  NMI. 
Aiming  at  a  total  device  length  of  2.5  cm  and 
reserving  4  mm  for  the  centre  output  waveguide  in 
order  to  allow  the  radiation  modes  to  spread  out  in 
the  environment,  a  branch  length  of  1 .5  cm  resulted. 
The  CW  performance  of  the  described  structure  was 
analysed  by  means  of  EFDBPM  calculation.  Pp  was 
taken  to  be  fixed  at  200  W  whereas  varied 

between  0  and  100  W.  Figure  2  top  shows  the 
calculated  transmission  curve  for  Pp  versus  P^.  The 
transmission  clearly  shows  a  strong  modulation  due 
to  the  weaker  signal  beam  leading  to  an  almost 
absence  of  power  (0.02  %)  in  the  output  for  P^  =22 
W.  This  is  illustrated  in  the  middle  part  of  Figure  2 
which  shows  IP(x:,z)l  as  obtained  by  EFDBPM. 
Finally  we  studied  the  modulation  of  a  200  fs  long 
probe  pulse  (Ppeak  =  1  W)  by  a  1  ps  long  signal 
pulse  (Ppeak  =  45  W)  by  means  of  a  split-step 
Fourier  method  [10].  Figure  2,  bottom,  shows  that 
the  probe  pulse  is  fairly  equally  modulated  over  the 
complete  length  of  the  pulse  without  any  substantial 
pulse  break-up 


r  (ps  ) 


Figure  2:  Top:  Transmission  of  a  200  W  probe 
beam  versus  input  signal.  Middle:  modulus  of  the 
electric  field  (Pp=200  W,  pj  =  22  W).  Bottom: 
calculated  pulses. 
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Multi-mode  optical  fibers  are  being  increasingly  utilized  for  high-power  solid-state  laser  beam 
delivery.  While  the  benefits  of  such  a  flexible  beam-delivery  system  are  highly  appealing  in  many 
applications,  multi-mode  fibers  with  lengths  of  more  than  ~  1  meter  produce  a  severely  distorted 
and  highly  depolarized  output  beam,  even  when  the  initial  high-power  laser  beam  is  nearly 
diffraction-limited  and  linearly  polarized.  These  distortions  (and  dso  possibly  the  depolarization) 
can  limit  the  utility  of  fiber  beam  dehvery. 

Over  the  past  decade,  the  ability  of  nonlinear  optical  phase  conjugation  (NOPC)  to 
compensate  fiber  distortions  and  depolarization  has  been  established  by  several  experimental 
demonstrations  that  utilized  a  photorefractive  phase-conjugate  mirror  (PCM).  The  first  such  report 
was  that  of  Dunning  and  Lind^  in  1982.  More  recently,  Luther-Davies  et  al.2  reported  the 
successful  use  of  phase  conjugation  to  compensate  fiber  distortions  and  depolarization  in  a  phase- 
conjugate  oscillator  configuration  that  was  specifically  aimed  at  laser  beam-delivery  applications. 
From  an  applications  perspective,  these  previous  demonstrations  suffered  from  two  practical 
disadvantages  inherent  in  the  use  of  a  photorefractive  PCM.  First,  because  of  the  relatively  slow 
response  times  of  such  conjugators,  the  compensation  "washes  out"  if  the  fiber-induced  distortions 
change  too  quickly.  Second,  available  photorefractive  conjugators  are  not  effective  at  the  1.06  pm 
wavelength  of  the  Nd:YAG  laser.  Because  NOPC  has  been  established  as  a  viable  approach  for 
compensating  distortions  and  depolarization  in  high-power  solid-state  lasers,^  we  have  investigated 
the  practicality  of  using  a  Brillouin  PCM  to  achieve  comparable  compensation  of  multi-mode 
fibers.  Indeed,  as  is  det^ed  below,  we  find  that  excellent  compensation  can  be  achieved. 

The  experimental  apparatus  is  shown  in  Figure  1.  We  used  a  linearly  polarized  Nd:YAG 
oscillator  and  single  pass  amplifier,  producing  a  beam  -1.5  times  diffraction-limited  and  operating 
in  a  single  longitudinal  mode  with  a  pulse  duration  of  20  nsec.  A  combination  of  a  half-wave  plate 
and  polarizing  beam  splitter  (BSl)  allowed  us  to  divide  the  laser  power  among  two  beams,  with  a 
continuously  adjustable  splitting  ratio.  One  beam,  the  signal  beam,  passed  through  a  second  beam 
splitter  (BS2,  an  uncoated  glass  wedge)  and  was  coupled  into  a  2  m  graded  index  fiber  (NA~0.33, 
d  =  380  |im,  Fiberguide  Industries)  through  a  (down-collimating)  imaging  telescope  of 
magnification  M=10.  The  use  of  an  image-relay  telescope  to  couple  into  and  out  of  the  fiber 
allowed  us  to  perform  diagnostics  on  the  entire  radiation  pattern  returning  from  the  fiber,  i.e.,  we 
could  analyze  the  full  NA  of  the  fiber. 

Following  a  single  pass  through  the  fiber,  the  signal  beam  was  highly  aberrated  (>100  times 
diffraction-limited)  and  totally  depolarized,  i.e.  half  of  the  power  was  contained  in  each  of  the  two 
orthogonal  polarization  states.  This  distorted,  depolarized  beam  then  propagated  to  the  PCM, 
which  was  based  on  the  scheme  originally  demonstrated  by  Basov  et  al.^  Specifically,  a  calcite 
wedge  separated  the  signal  beam  into  two  orthogonally  polarized  components,  and  the  polarization 
of  one  of  the  components  was  rotated  by  90®.  Hence,  the  two  beams  were  co-polarized  as  they 
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entered  the  PCM,  which  consisted  of  a  hollow  quartz  capillary  (0.8  mm  ID,  20  cm  long)  filled  with 
liquid  TiCl4- 


The  conjugate  beam  passed  back  through  the  fiber  and  was  coupled  by  BS2  into  the 
diagnostics  that  were  used  to  analyze  the  angular  distribution  of  the  return  beam.  As  our  primary 
beam-quality  diagnostic,  we  measured  the  "energy  in  the  bucket,"  i.e.  the  fraction  p  of  Ae  total 
beam  energy  that  was  contained  within  a  far-field  angular  cone  of  full  width  0.  This  diagnostic 
approach  is  essential  in  this  type  of  measurement  because  of  its  sensitivity  to  very  weak  levels  of 
radiation  that  might  be  spread  over  a  broad  solid  angle  as  large  as  the  fiber  numerical  aperture.  We 
also  analyzed  the  degree  of  polarization  in  the  input  and  output  beams. 

Figure  1  also  indicates  that  BSl  produced  a  reference  beam,  which  had  a  power  of  600  kW; 
its  function  was  to  turn  on  the  PCM,  which  had  an  SBS  threshold  of  ~  80  to  100  kW  (as  measured 
using  the  reference  beam).  The  use  of  this  reference  beam  was  necessitated  by  the  requirement  to 
maintain  the  signal-beam  power  below  ~  15  kW  to  preclude  the  onset  of  SBS  in  the  fiber.  The 
simultaneous  presence  within  the  light  guide  of  the  signal  beam  as  well  as  the  reference  beam  and 
its  Stokes-shifted,  phase-conjugate  reflection  led  to  the  creation  of  a  conjugate  to  the  signal  beam 
via  Brillouin-enhanced  four-wave  mixing  (BEFWM).^  Once  the  PCM  was  turned  on,  the  signal 
beam  achieved  essentially  the  same  reflectivity  (~  40  %)  and  conjugation  fidelity  as  the  reference 
beam,  in  agreement  with  earlier  observations  using  a  similar  arrangement.^’^ 


Figure  1.  Schematic  of  experimental  apparatus  used  to  demonstrate  that  Brillouin  phase  conjugation  can  compensate 
the  distortions  and  depolarization  induced  by  a  2  m  long  multi-mode  fiber. 

Upon  examining  the  output  beam  following  its  second  pass  through  the  fiber,  we  found 
excellent  compensation:  70  %  of  the  output  beam  was  contained  within  a  spot  having 
approximately  the  same  divergence  as  the  input  signal,  and  the  residual  depolarization  was  less 
than  1  %.  This  is  seen  in  Figure  2,  which  shows  the  energy  in  the  bucket  for  the  input  and  return 
beams.  If  we  define  the  conjugation  fidelity  as  the  ratio  Pou/Pin-  we  see  the  fidelity  is  about  70  % 
in  the  range  of  2  to  4  mrad.  When  the  experiment  was  subsequently  repeated  using  a  2  m  step- 
index  fiber,  essentially  the  same  results  were  obtained  in  terms  of  the  fidelity  and  residual 
depolarization. 

The  far  field  of  the  return  beam  consisted  of  a  central  spike,  the  phase  conjugated  portion  of 
the  return,  surrounded  by  a  pedestal  containing  the  non-conjugated  (and  unpolarized)  portion. 
Since  the  non-conjugated  portion  essentially  filled  the  mode  volume  of  the  fiber,  the  full  angle  of 
this  pedestal  was  approximately  2(NA)/M  =  66  mrad,  or  about  10  times  broader  than  the  ~  6  mrad 
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full  width  of  the  base  of  the  central  spike  (see  Figure  2).  Since  the  pedestal  has  only  ~  40  %  as 
much  energy  as  the  spike  (i.e.  the  ratio  of  0.3  to  0.7)  and  its  energy  was  spread  over  a  spot  with 
100  times  more  area,  the  pedestal  intensity  is  approximately  0.4  %  of  the  peak  intensity  of  the 
central  spike.  Because  of  diis  low  intensity,  the  pedestal  is  expected  to  be  of  minimal  consequence 
in  applications. 
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Figure  2.  Energy  fraction  6  as  a  function  of  the  far-field  cone  angle,  for  the  signal  input  to  the  fiber,  and  for  that 
returned  through  the  fiber  after  reflection  from  the  PCM.  The  fidelity  is  the  ratio  of  these  two  quantities,  about 
70%  in  the  2  to  4  mrad  range.  Note  the  log  scale,  which  shows  the  angular  extent  of  the  non-conjugate 
"pedestal"  to  be  equivalent  to  the  full  NA  of  the  fiber. 


In  summary,  we  have  used  Brillouin  phase  conjugation  to  demonstrate  compensation  of 
phase  aberrations  and  depolarization  induced  by  a  multi-mode  fiber,  and  we  have  achieved  a  high 
degree  of  fidelity.  Although  the  relatively  weak  signal-beam  power  led  to  our  selection  of  a  PCM 
based  on  BEFWM,  with  its  associated  complexities,  simple  SBS  PCMs  are  capable  of  thresholds 
much  less  than  those  of  the  present  device.  For  example,  the  use  of  longer  capillaries  (lengths  of 
several  meters)  with  smaller  cross  sections  (100  pm)  has  been  shown*  to  yield  SBS  threshold 
powers  as  low  as  ~  100  W. 
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SUMMARY 

We  present  the  results  of  a  laser  resonator  design  that  uses  a  3-D  volume  gain 
grating  formed  by  spatial  hole-burning  [1].  The  induced  gain-grating  can  be 
considered  a  dynamic  holographic  element  with  diffractive  properties  that  provide 
both  spectral  and  spatial  mode  control  of  a  high-gain  flashlamp-pumped  Nd:YAG 
laser  system.  The  dynamic  parametric  growth  of  the  grating  initiated  from 
amplified  spontaneous  emission  in  the  cavity  produces  a  self  Q-switching  resulting 
in  short  pulse  formation. 

The  cavity  configuration  (Figure  1)  has  a  4%  reflectivity  output  coupler  and  the 
back  cavity  reflector  is  the  diffractive  gain  grating  that  is  produced  by  spatial  hole 
burning  in  a  Nd:YAG  amplifier  module  (Ai)  in  a  self-intersecting  loop  geometry 
[2,3].  To  achieve  optimum  grating  diffraction  efficiency  and  dominantly 
unidirectional  lasing  a  Faraday  element  is  incorporated  in  the  loop.  An  additional 
Nd:YAG  amplifier  module  is  also  necessary  in  the  loop  to  achieve  lasing  threshold 
when  using  the  low  reflectivity  output  coupler  of  this  resonator. 

The  dynamics  of  the  resonator  can  be  considered  as  follows.  The  initial  gain¬ 
grating  starts  from  spontaneous  emission  which  weakly  diffracts  intracavity  flux  in 
the  loop  element.  Regenerative  intracavity  radiation  that  gives  constructive 
interference  to  enhance  the  growth  of  the  grating  will  be  preferentially  selected. 
This  parametric  feedback  process  is  self-enhancing  and  gives  a  high  spatial  and 
spectral  selectivity  to  the  intracavity  radiation.  Above  a  threshold  inversion  in  the 
Nd;YAG  amplifiers  the  diffraction  efficiency  of  the  gain-grating  enhanced  by  the 
additional  loop  amplifier  causes  the  system  to  achieve  threshold  for  oscillation 
from  the  4%  output  coupler.  The  feasibility  of  a  self-intersecting  loop  geometry 
gain-grating  having  such  a  high  amplified  reflectivity  >25,  as  required  in  this 
system  for  lasing  threshold  with  a  4%  output  reflector,  has  been  predicted 
theoretically  [3]  as  well  as  confirmed  experimentally  [4]. 

Our  experimental  system  consisted  of  two  Nd:YAG  amplifier  rods  (Ai  and  A2) 
100mm  long  by  6.35mm  diameter  and  small-signal  single-pass  gains  up  to  ~100, 
oscillator  round-trip  time  ~9ns  (consisting  of  '-5ns  self-intersecting  loop  time  and 
'-4ns  double-pass  time  from  output  coupler  to  gain-grating  amplifier)  and  lOHz 
repetition  rate.  At  highest  amplifier  gains,  the  cavity  output  consisted  of  10ns 
pulses  with  up  to  600mJ  energy.  The  pulses  were  temporally  smooth  (as  shown  in 
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Figure  2)  which,  together  with  a  Fabry-Perot  measurement  showing  their  spectral 
content  was  less  than  its  resolution-limit  ~  IGHz,  indicates  single-longitudinal- 
mode  operation  and  possibly  close  to  a  transform-limited  linewidth  (~44MHz). 
We  note  that  this  is  achieved  without  any  conventional  line-narrowing  elements 
and  the  short  pulse  duration  is  also  achieved  without  a  conventional  Q-switching 
device.  The  short  duration  is  achieved  by  parametric  growth  of  the  gain-grating 
and  hence  of  the  cavity-Q  when  the  amplifier  gains  are  above  threshold.  The 
narrow  linewidth  operation  is  a  consequence  of  the  long  coherence  length 
requirement  of  the  self-intersecting  loop  for  optimum  grating  writing.  Our 
modelling  of  this  system  indicates  that  both  transmission  and  reflection  type  gain 
gratings  are  involv^  in  the  oscillation  dynamics. 

The  spatial  mode  of  the  system  under  these  conditions  was  not  TEMoo  since  no 
mode  control  was  incorporated  in  the  resonator.  Despite  this,  phase  conjugate 
oscillation  was  evidenced  to  be  occurring  by  the  relative  insensitivity  of  the  output 
mode  to  the  introduction  of  a  phase  plate  within  the  self-intersecting  loop.  The 
system  ran  on  a  TEMoo  diffraction-limited  mode  when  an  aperture  was  placed  near 
the  output  coupler.  In  this  case,  the  output  energy  was  reduced  to  ~2C)0mJ  due  to 
the  smaller  mode  volume  and  hence  less  extraction  of  the  available  gain  volume. 
A  Gaussian  variable  reflectivity  output  coupler  was  also  used  and  resulted  in  a 
TEMoo  output  but  again  in  a  small  mode  volume  and  reduced  energy.  This  was 
despite  the  Gaussian  reflector  having  a  divergent  curvature  which  is  used  to 
achieved  large  mode  volume  extraction  in  conventional  resonator  systems.  In  this 
adaptive  resonator,  the  self-forming  grating  "rear  cavity  reflector"  can  adjust  its 
effective  radius  of  curvature  to  maintain  a  stable  resonator  with  a  confined  mode 
size.  Hence  a  different  strategy  would  appear  to  be  necessary  to  achieve  large 
mode  volume,  diffraction-limited  spatial  output  from  these  self-adaptive 
resonators. 

In  conclusion,  we  have  successfully  demonstrated  a  high-energy  Nd:YAG  self- 
adaptive  laser  resonator  based  on  saturable  gain-gratings  that  produce  narrow 
linewidth  and  short  pulse  duration  without  requirement  of  any  conventional  line¬ 
narrowing  elements  or  Q-switching  element. 
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It  is  well  known  that  volume  index  gratings  and  holograms  can  be  recorded  by  using 
optical  interferometric  techniques  in  photorefractive  media  These  index  gratings  and  holograms 
can  also  be  erased  by  the  illumination  of  light.  The  dynamic  nature  of  these  index  gratings  and 
holograms  offers  unique  capability  in  many  advanced  applications,  including  real  time  image 
processing,  optical  phase  conjugation,  optical  neural  networks,  etc  In  many  of  the  applications, 
several  holograms  must  be  recorded  sequentially  in  a  photorefractive  medium.  As  a  result  of  the 
optical  erasure,  the  amplitudes  of  the  previously  recorded  holograms  may  decay  exponentially 
during  the  subsequent  recording  stages.  There  has  been  proposals  for  the  equalization  of  the 
amplitude  of  holograms  by  using  a  properly  designed  exposure  schedule  and  even  the  sustainment 
of  decaying  holograms  by  using  re-recording  schemes  2-4.  Here,  we  propose  and  analyze  a  new 
and  simple  optical  method  for  the  enhancement  and  restoration  of  decaying  holograms  in 
photorefractive  media. 

Consider  the  readout  of  a  photo-induced  volume  index  grating  or  hologram  in  a 
photorefractive  medium  by  using  a  laser  beam.  A  diffracted  beam  bearing  the  image  information  is 
produced  provided  the  reading  beam  is  incident  along  the  Bragg  angle.  As  a  result  of  the 
photorefractive  effect,  the  diffracted  beam  and  the  reading  beam  will  jointly  induce  a  new  index 
grating  or  hologram  which  bears  exactly  the  same  information  as  the  existing  one.  During  the 
readout  process,  while  the  existing  hologram  is  being  erased  exponentially,  the  new  hologram 
formed  by  the  diffracted  beam  and  the  reading  beam  jointly  is  growing  exponentially.  The 
photorefractive  medium  is  oriented  such  that  the  photo-induced  index  grating  or  hologram 
produced  by  the  simultaneous  presence  of  the  reading  beam  and  the  diffracted  beam  is  in  phase 
with  the  existing  grating  or  hologram  and  is  thus  reinforcing  the  amplitude  of  the  hologram  for  a 
short  period  of  time.  The  transient  enhancement  of  the  hologram  manifests  itself  in  terms  of  an 
increase  in  the  diffraction  efficiency  for  a  short  period  of  time.  Continued  reading  of  the  hologram 
by  a  single  readout  beam  for  a  long  period  of  time  leads  to  a  decay  of  the  hologram  eventually.  In 
what  follows,  we  consider  an  optical  method  which  utilizes  the  transient  gain  of  the  hologram  to 
achieve  a  steady  state  enhancement  of  the  hologram. 

Referring  to  Fig.  1,  we  consider  a  readout  of  a  photo-induced  hologram  in  a 
photorefractive  medium  by  using  a  pulsed  laser.  The  diffracted  beam,  which  bears  the  image 
information,  is  then  retro-reflected  by  the  phase  conjugate  mirror.  The  pulse  length  (or  exposure 
time)  and  the  repetition  rate  are  selected  such  that  there  is  no  physical  overlap  between  the  incident 
pulse  and  the  phase  conjugated  pulse  inside  the  photorefractive  medium.  The  hologram  is  first 
readout  by  the  incident  laser  pulse  for  a  short  duration  of  time  t  producing  an  image  bearing 
diffracted  beam.  When  the  diffracted  beam  is  retro-reflected  by  the  phase  conjugator,  the  hologram 
is  then  readout  by  the  retro-reflected  beam  for  another  short  period  of  time  t  producing  a  phase 
conjugate  version  of  the  original  laser  pulse.  The  exposure  time  t  is  chosen  so  that  the  amplitude  of 
the  hologram  is  enhanced  at  the  end  of  the  first  readout  and  further  enhanced  at  the  end  of  the 
second  readout.  Thus  there  is  a  net  gain  in  the  amplitude  of  the  hologram  during  the  first  cycle.  If 
the  process  continues,  further  increase  in  the  amplitude  of  hologram  is  possible  until  a  saturation  of 
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the  grating  amplitude  is  reached.  In  what  follows,  we  analyze  the  temporal  growth  and  the  spatial 
variation  of  the  hologram  in  the  bulk  of  a  photorefractive  medium.  For  simplicity,  we  consider  the 
case  of  a  single  photo-induced  volume  index  grating  in  a  photorefractive  medium. 

A  plane  wave  with  amplitude  is  incident  upon  the  photorefractive  grating  long  a 
direction  that  exactly  satisfies  the  Bragg  condition  (see  Fig.  1).  As  a  result  of  the  Bragg  scattering, 
a  diffracted  wave  with  amplitude  A2  is  generated.  The  spatio-temporal  equations  of  the  two  beams 
in  the  photorefractive  medium  can  be  written  approximately  ^ 


dA^ 

dz 

dG 

dt 


-GA,, 


(1) 

(2) 


where  F  is  the  photorefractive  coupling  constant,  G  is  a  measure  of  the  relative  amplitude  of  the 

photorefractive  index  grating,  Iq  =  |Aip  +|A2p  is  the  total  intensity  and  x  is  the  time  constant  of 
photorefractive  crystal.  To  understand  the  spatial  and  temporal  variation  of  the  index  grating,  let  us 
examine  Eq.  (2)  for  the  relative  grating  amplitude  G.  Near  the  entrance  face  (z  =  0)  of  the 
medium,  A2  grows  spatially  from  zero.  Thus  the  right  hand  side  of  Eq.  (2)  is  always  negative  for 
small  z,  indicating  a  decay  of  the  grating  amplitude.  As  A2  grows  spatially  in  the  bulk  of  the 
medium  due  to  diffraction,  the  right  hand  side  of  Eq.  (2)  becomes  positive  leading  to  an 
enhancement  of  the  index  grating.  Generally  speaking,  more  enhancement  is  obtained  if  the  initial 
index  grating  is  concentrated  near  the  incident  side  of  the  medium.  There  will  be  no  enhancement  if 
the  initial  index  grating  distribution  is  concentrated  near  the  exit  side  of  the  medium.  The  grating 
amplitude  distribution  is  modified  as  a  result  of  the  readout.  We  note  that  as  a  result  of  the  readout 
the  diffraction  efficiency  is  increased  and  the  center  of  gravity  of  the  index  grating  is  pushed 
toward  the  exit  face  {z-  L)  of  the  crystal.  Such  a  new  distribution  is  not  suitable  for  further 
enhancement  via  continued  readout.  If  the  index  grating  is  now  read  from  the  exit  face  (z  =  L),  the 
grating  amplitude  can  be  further  enhanced  based  on  the  above  discussion.  To  continuously  enhance 
the  grating  amplitude,  the  index  grating  must  be  readout  alternately  from  both  sides  of  the  medium. 
For  the  case  of  a  hologram  which  consists  of  many  grating  components,  a  phase  conjugate  mirror 
is  essential  to  ensure  the  readout  from  the  rear  of  the  medium.  Our  analysis  also  indicates  that  the 
steady-state  grating  is  independent  of  the  shape  and  level  of  the  initial  grating.  For  the  case  of  an 
initially  uniform  grating,  it  can  be  shown  andytically  that  the  grating  can  be  enhanced  provided 
TL  >  4  according  to  Eqs.  (l)-(2). 

We  now  consider  the  dependence  of  the  steady-state  diffraction  efficiency  77^  on  the 
coupling  strength  TL  and  the  exposure  duration  t.  Fig.  2(a)  shows  the  steady-state  diffraction 
efficiency  rj^  as  a  function  of  the  coupling  strength  FL.  The  result  shows  that  there  exists  a 


threshold  value  FL  for  a  non-zero  steady-state  grating.  Fig.  2(b)  plots  the  steady-state  diffraction 
efficiency  r]^  as  a  function  of  the  exposure  duration  t  in  each  readout.  The  results  in  Fig.  2(b) 
indicate  that  the  steady-state  diffraction  efficiency  decreases  when  the  exposure  duration  per 
readout  increases,  due  to  the  erasure  during  readout.  We  also  note  that  there  is  a  cutoff  exposure 
time  beyond  which  the  grating  will  eventually  be  erased  by  the  reading  beams,  leading  to  a  steady- 
state  diffraction  efficiency  of  0. 

By  examining  Fig.  2,  we  further  note  that  the  diffraction  efficiency  as  a  function  of  FL 
bears  a  strong  resemblance  to  that  of  a  mutually  pumped  phase  conjugator  (MPPC)F6-9  jn  fact, 
for  an  extremely  small  exposure  time  (t «  t),  the  diffraction  efficiency  becomes  identical  to  that 
of  an  MPPC  F6  -with  a  threshold  of  FL=4.  for  equal  pump  intensities.  In  addition,  the  steady  state 
index  grating  as  shown  in  Fig.  2  is  also  similar  to  that  of  an  MPPC^.  The  process  of  alternating 
readout  of  an  index  grating  from  both  sides  of  the  crystal  is  equivalent  to  an  MPPC  with  pulsed 
pump  beams.  It  is  known  that  steady  state  MPPC  exists  even  with  pulsed  pump  beams^^.  This  is 
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often  achieved  by  first  initiating  the  process  of  MPPC  with  cw  laser  beams.  Upon  reaching  the 
steady  state,  the  pump  beams  can  then  be  modulated  temporally  so  that  only  one  of  the  pump 
beams  is  on  at  any  given  time.  This  is  exactly  identical  to  our  alternating  readout  scheme  for  the 
enhancement  of  the  gratings.  The  only  difference  is  that  we  start  the  process  from  the  very 
beginning  with  an  extremely  weak  grating.  Thus  our  results  can  be  employed  to  explain  the 
initiation  and  the  growth  of  the  MPPC  process  from  an  extremely  weak  grating  (or  hologram) 
which  may  be  a  small  component  of  a  noisy  fanning  hologram. 

In  conclusion,  we  have  proposed  and  analyzed  a  new  and  simple  optical  method  for  the 
enhancement  and  restoration  of  decaying  holograms  in  photorefractive  media.  The  results  indicate 
that  extremely  weak  holograms  can  be  enhanced  provided  that  the  two-beam  coupling  is 
sufficiently  strong.  Steady-state  photorefractive  holograms  can  be  maintained  continuously  without 
decay  by  using  a  double-side  alternating  readout  schedule  in  conjunction  with  a  phase  conjugator. 
The  result  also  provides  an  explanation  for  the  formation  of  mutually  pumped  phase  conjugation  in 
terms  of  the  successive  enhancement  of  an  initial  noise  grating. 

References 

1.  See,  for  example,  P.  Yeh,  "Introduction  to  Photorefractive  Nonlinear  Optics,"  (Wiley,  1993). 

2.  D.  Psaltis,  D.  Brady,  and  K.  Wagner,  Appl.  Opt.  27,  1752  (1988). 

3.  Y.  Taketomi,  J.  E.  Ford,  H.  Sasaki,  J.  Ma,  Y.  Fainman,  and  S.  H.  Lee,  Opt.  Lett.  16,  1774 
(1991);  Opt.  Lett.  16,  1874  (1991). 

4.  Y.  Qiao,  D.  Psaltis,  C.  Gu,  J.  Hong,  P.  Yeh,  and  R.  R.  Neurgaonkar,  J.  Appl.  Phys.  70, 
4648  (1991);  Y.  Qiao  and  D.  Psaltis,  Opt.  Lett.  17,  1376  (1992). 

5.  C.  Gu,  J.  Hong,  and  P.  Yeh,  J.  Opt.  Soc.  Am.  B9,  1473  (1992);  D.  M.  Lininger,  D.  D. 
Crouch,  P.  J.  Martin,  and  D.  Z.  Anderson,  Opt.  Commun  76,  89  (1990). 

6.  M.  Cronin -Golomb,  B.  Fischer,  J.  O.  White,  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE- 
20,  12(1984). 

7.  S.  Weiss,  S.  Sternklar,  and  B.  Fischer,  Opt.  Lett.  12,  114  (1987);  S.  Stemklar,  S.  Weiss,  M. 
Segev,  and  B.  Fischer,  Opt.  Lett.  11,  528  (1986). 

8.  P.  Yeh,  T.  T.  Chang,  and  M.  D.  Ewbank,  J.  Opt.  Soc.  Am.  B5,  1743  (1988);  M.  D.  Ewbank, 
Opt.  Lett.  13,  47  (1988);  M.  D.  Ewbank,  R.  A.  Vazquez,  R.  R.  Neurgaonkar,  and  J.  Feinberg, 
J.  Opt.  Soc.  Am.  B7,  2306  (1990). 

9.  M.  Segev,  D.  Engin,  A.  Yariv,  and  G.  C.  Valley,  Opt.  Lett.  18,  1828  (1993). 

10.  M.  D.  Ewbank,  private  communication. 


pulsed-laser  photorefractive  phase  conjugate 


z=0  z=L 


t  K 


-H 

t  1 

-* 

beam  2* 

-H  1  cycle  exposure  sequence 

Fig.  1  Schematic  diagram  of  the  double-side 
readout  configuration.  The  lower  figure  shows 
the  alternating  readout  scheme. 


Fig.  2  (a)  Steady-state  diffraction  efficient 
7]^  as  a  function  of  the  coupling  strength  I^L 
for  various  cases  of  exposure  time  t  per 
readout  and  (b)  Steady-state  diffraction 
efficiency  77^  versus  the  normalized  exposure 
time  tlx  per  readout  for  various  cases  of 
photorefractive  coupling  strength  TL. 
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SUMMARY 

The  concept  of  storing  data  in  the  form  of  multiplexed  holographic  gratings  in  volume 
media  had  been  proposed  during  the  sixties  [1-3]  and  developed  with  limited  success.  With 
recent  advances  in  the  growth  and  preparation  of  holographic  materials  along  with  the  maturation 
of  associated  device  technologies  such  as  spatial  light  modulators  and  detector  arrays,  the 
realization  of  working  memory  systems  that  are  capable  of  delivering  the  perfomance  levels  for 
long  term  storage  applications  is  now  possible.  We  at  Rockwell  have  been  developing  a 
compact  volume  holographic  memory  system  for  use  in  avionics  and  other  applications  using  a 
design  that  incorporates  a  pair  of  acoustooptic  devices  in  a  spatio-angularly  multiplexed  design 
to  achieve  high  data  storage  capacity  and  rapid  random  access  to  stored  data. 

The  currently  known  common-volume  multiplexing  techniques  of  angular  encoding, 
wavelength  encoding,  phase  encoding,  and  electric  field  encoding  allow  holograms  recorded  in 
the  same  medium  volume  to  be  independently  read  out  with  minimal  crosstalk.  There  are 
practical  limits  to  the  number  of  holograms  which  can  be  stored  in  this  fashion  due  to  the  finite 
dynamic  range  in  photorefractive  crystals  [4,5]  and  the  inverse  square  law  dependence  of  the 
diffraction  efficiency  of  each  hologram  on  the  number  of  superposed  holograms  which  is  a 
consequence  of  photorefractive  cross-erasure  encountered  during  the  multiple  exposure  sequence 
[6].  Off-Bragg  crosstalk  can  also  grow  as  a  function  of  the  number  of  stored  holograms  and 
thereby  limit  the  storage  capacity  [7].  As  an  example,  if  the  nominal  volume  of  the  storage 
crystal  is  of  the  order  of  1  cm^,  the  recording  of  10,000  holograms  [8]  in  most  photorefractors 
will  result  in  a  diffraction  efficiency  of  about  10“^  for  each  hologram  beyond  which  reliable 
detection  will  be  difficult  using  realistic  readout  laser  intensities.  Thus,  if  each  hologram  (page) 
contains  10^  bits  of  information,  the  storage  capacity  of  each  common  volume  will  be  limited  to 
10  Gbits  because  of  the  practical  reasons  listed  above. 

Our  approach  is  to  spatially  multiplex  many  such  common  volume  storage  units  to 
ultimately  achieve  high  aggregate  capacity  in  architectures  devoid  of  mechanically  steered 
devices  so  as  to  enable  both  rapid  access  (10  psec)  and  high  data  transfer  rates  (1  Gbit/sec).  In 
the  angularly  multiplexed  approach,  the  beam  is  steered  nonmechanically  by  acoustooptic 
deflectors  which  can  steer  a  given  beam  to  one  of  one  thousand  angular  positions  within  a 
switching  time  of  about  10  psees.  Layers  or  boxes  of  such  common  volume  storage  units  are 
arrayed  in  geometries  similar  to  that  shown  in  Figure  1  where  a  “coarse”  address  directs  the 
reading  or  writing  beams  to  the  appropriate  layer  or  box  and  the  “fine”  address  corresponds  to 
the  particular  holographic  page  within  the  chosen  common  volume  unit. 

Our  early  efforts  in  holographic  optical  storage  were  focused  on  theoretical  studies  of  the 
limitations  on  storage  capacity  [4,5,7],  and  on  experimental  demonstration  of  fast  non¬ 
mechanical  access.  A  demonstrator  capable  of  data  transfer  rate  at  the  optical  level  exceeding  1 
Gbit/s  was  constructed  using  one  layer  of  LiNb03  as  the  storage  medium.  The  demonstrator 
used  an  acousto-optic  beam  deflector  for  rapid  non-mechanical  access  to  several  hundred 
angularly  multiplexed  pages  at  rates  in  excess  of  50,000  pages  per  second.  With  each  page 
consisting  of  an  array  of  320  x  220  pixels,  this  corresponds  to  readout  at  a  rate  of  3.5  Gbits/see. 
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In  addition  to  the  storage  of  digital  data,  storage  of  analog  information  in  the  form  of  detailed 
highway  maps  was  also  demonstrated. 

Figure  2  is  a  simplified  schematic  showing  a  more  recent  system  that  implements  several 
layers  in  a  spatioangularly  addressed  system.  In  the  actual  design,  the  system  is  folded  to  save 
space,  but  for  the  purposes  of  clarity  in  its  presentation,  the  system  is  shown  unfolded  in  the 
figure.  The  total  system  dimensions  are  of  the  order  of  12”x8”x5”,  including  the  laser  and  most 
of  the  electronics.  To  achieve  high  speed  random  access  addressing,  both  inter-layer  and  intra¬ 
layer  addressing  are  accomplished  using  acoustooptic  devices. 

An  important  issue  that  is  associated  with  all  volume  holographic  memory  systems  that  use 
photorefractive  materials  is  that  of  long  term  data  retention.  Holograms  written  in 
photorefractive  materials  diminish  in  strength  due  to  two  mechanisms:  i)  optical  erasure  from 
further  writing  or  readout  exposure,  ii)  dark  erasure  due  to  finite  dark  conductivity.  Fixing  in 
SEN  crystals  has  been  accomplished  using  various  means  [9,10]  by  which  the  holographic 
gratings  can  be  made  nearly  impervious  to  optical  erasure  so  that  nondestructive  readout  can  be 
performed.  We  have  conducted  fixing  experiments  in  which  we  demonstrated  both  resistance 
to  optical  erasure  as  well  as  long  term  data  stability.  For  example,  a  holographic  grating  that  was 
fixed  in  our  laboratory  has  exhibited  undiminished  strength  over  a  period  of  six  months  during 
which  the  grating  was  periodically  probed  with  readout  light,  demonstrating  tolerance  to  both 
erasure  mechanisms. 

We  will  describe  in  more  detail  the  design  and  operation  of  our  compact  holographic 
memory  demonstrator  and  in  fixing  holographic  gratings  in  SEN. 
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Figure  1 

Spatial  Multiplexing  to  Augment  Storage  Capacity  (see  text) 


425 


Figure  2  Schematic  of  the  prototype  holographic  storage  demonstrator. 
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Recently,  phase  code  multiplexed  data  storage  in  volume  holographic  media  has  been 
investigated  as  an  alternative  to  angular  or  wavelength  multiplexing  [1].  Phase  code  multi¬ 
plexing  allows  implementation  with  fixed  geometry  and  wavelength,  resulting  in  potentially 
fast  access  times  and  the  possibility  of  cascading  in  an  optical  system.  In  addition,  it  has 
been  suggested  that  use  of  partial  phase  codes  can  be  used  to  directly  reconstruct  certain 
sums  and  differences  of  stored  images[2].  We  demonstrate  the  recall  of  arbitrary  linear  com¬ 
binations  of  stored  data  pages  by  using  a  compound  phase  and  amplitude  modulator  in  the 
reference  beam  path. 


Phase  code  multiplexing  involves  storing  M  images,  |5i), . . . ,  IS'a/),  with  M  reference 
waves,  |i?i), . . . ,  |i?Ar).  Each  reference  wave  consists  of  N  plane  wave  components.  It  is 
assumed  that  the  geometry  is  held  fixed,  so  that  the  amplitude  and  phase,  but  not  direction, 
of  each  component  may  be  varied.  The  different  reference  waves  can  be  represented  by 
A^-element  vectors. 


\Rm)  = 


r,  e 


(1) 


where  r™  and  </)^  are  the  amplitude  and  phase,  respectively,  of  the  nth  plane- wave  component 
of  the  mth  reference  wave. 


If  the  different  plane-wave  components  of  the  reference  waves  are  separated  by  a  suf¬ 
ficiently  large  angle,  Bragg-mismatched  reconstruction  can  be  neglected.  If  in  addition, 
dispersion  in  the  spatial  frequency  response  of  the  medium  is  negligible  and  all  gratings  are 
recorded  to  the  same  strength,  readout  with  reference  wave  |/?p)  results  in  an  output  signal 

M 

\Sout)=BoJ2iRp\Rm)\Sm),  (2) 

m—1 


where  Bq  is  a  constant.  When  the  amplitudes  and  phases  of  the  reference  waves  are  chosen 
such  that  each  \Rm)  is  a  member  of  a  set  of  orthogonal  vectors,  the  output  is  given  by 

=  Bo\Sm). 

The  possibility  of  recalling  linear  combinations  of  stored  images  is  apparent  from  the 
above  representation  of  the  phase-encoding  process.  When  readout  is  performed  with  \Rout)  = 
X]a,|i?i),  the  output  is  Bo  Recall  of  arbitrary  linear  combinations  of  stored  data 

pages  is  possible  in  a  system  capable  of  generating  the  necessary  reference  waves  \Rout)-  To 
demonstrate  the  recall  of  combinations  of  stored  data  pages,  we  multiplexed  three  images  in 
an  Fe-doped  LiNbOa  crystal  using  three  different  discrete  Walsh  functions  as  the  phase  codes. 
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Figure  1:  Experimental  arrangement. 

The  reference  bearn  path  included  an  amplitude  spatial  light  modulator  which  was  imaged 
onto  a  phase  spatial  light  modulator,  as  shown  m  Figure  1.  During  recording,  the  ASLM  was 
set  for  maximurn  transmission.  During  recall,  both  the  PSLM  and  ASLM  were  used  to  com¬ 
pose  the  desired  reference  waves.  The  reconstructions  of  each  of  the  three  images  is  shown 
in  figure  2.  figure  3  shows  the  recall  of  two  different  combinations,  \image2  —  zmaoe3|  and 
|2  X  imagel  imagt2l  Nofe  that  the  CCD  camera  used  in  the  experiment  detects  intensity, 
so  we  are  limited  to  detecting  the  absolute  value  of  the  desired  combination. 

The  ability  to  perform  page- wise  arithmetic  operations  is  of  great  use  in  both  binary 
and  grey- scale  image  processing.  It  allows  operations  such  as  averaging  or  background  sub¬ 
traction  to  be  performed  without  pixel-by-pixel  computation.  The  combination  of  stored 
data  pages  is  a  linear  process;  therefore,  the  data  can  be  stored  having  undergone  any  linear 
transformation  and  still  be  recalled  correctly.  For  example,  the  data  page  may  be  Fourier- 
transformed  or  discrete-cosine  transformed  before  being  stored.  The  recalled  signal  will  be 
a  linear  combination  of  the  transforms  of  each  page  and  can  be  inverse  transformed  to  give 
the  desired  result.  In  addition,  a  system  capable  of  generating  reference  waves  with  both 
specihed  phase  and  amplitude  modulation  can  be  used  to  correct  for  dispersion  in  the  spatial 
frequency  response  of  a  recording  medium[3]. 

This  research  has  been  supported  in  part  by  the  Advanced  Research  Projects  Agency 
through  contract  number  N00()14-92-J-1903.  ^  ^ 
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Figure  2:  The  reconstructions  of  each  of  the  three  stored  images.  (480x440  pixels) 


Figure  3:  Two  linear  combinations:  a)  \image2  —  ima^e3|,  b)  |2  x  image!  +  image2\ 


11:40am  -  11:55am 
THB4 

Optical  Self-Enhancement  of  Photorefractive  Holograms 


Scott  Campbell  and  Pochi  Yeh 

Electrical  and  Computer  Engineering  Department,  University  of  California 
Santa  Barbara,  CA  93106  (805)  893-7015 

Claire  Gu 

Electrical  Engineering  Department,  The  Pennsylvania  State  University 
University  Park,  PA  16802-2705  (814)  863-4256 

Shuian  Huei  Lin,  Chau-Jern  Chen,  and  Ken  Y.  Hsu 
Institute  of  Electro-Optical  Engineering,  National  Chiao  Tung  University 

Hsinchu,  Taiwan 


It  is  well  known  that  dynamic  volume  holograms,  such  as  those  stored  in  photorefractive 
crystals,  decay  upon  readout  [1].  Though  such  a  property  can  be  useful  in  many  real-time 
processing  applications,  it  is  often  a  drawback  in  optical  data  storage  applications  when  an 
information  set  may  be  recalled  multiple  times  or  during  the  sequential  storage  of  multiple 
holograms.  There  have  been  approaches  for  the  sustainment  of  decaying  holograms  via  re¬ 
recording  as  well  as  exposure  schedule  algorithms  for  the  storage  of  multiple  holograms  [2,3].  In 
this  paper,  we  present  experimental  results  verifying  a  novel  optical  proposal  for  the  enhancement 
and  restoration  of  decaying  holograms  in  photorefractive  media  [4]. 

Consider  the  Bragg-matched  readout  of  a  photo-induced  volume  index  grating  in  a 
photorefractive  media  by  a  laser  beam.  The  portion  of  the  readout  beam  that  diffracts  off  of  the 
grating  does  so  in  such  a  way  that  the  interference  pattern  between  the  diffracted  beam  and  the 
readout  beam  is  exactly  in  phase  with  the  interference  pattern  that  originally  wrote  the  grating.  As  a 
result,  the  readout  beam  and  its  diffracted  beam  write  a  volume  index  grating  exactly  in  phase  with 
the  one  they  are  reading.  During  readout,  this  new  grating  is  growing  in  strength  exponentially 

while  the  original  grating  is  decaying  exponentially.  If  the  two-beam  coupling  gain,  TL,  in  the 
photorefractive  media  is  sufficiently  large,  then  the  net  transient  result  can  be  an  increase  in  the 
overall  index  modulation  depth  [4,5].  Continued  reading  of  the  hologram  by  a  single  read  beam 
leads  to  its  eventual  decay.  If,  however,  after  a  time  period,  t,  the  read  beam  is  shut  off  and  a 
phase  conjugate  of  the  diffracted  beam  is  turned  on  for  the  same  time  period,  then  the  grating  can 
continue  to  be  enhanced  by  this  second  beam.  Continued  toggling  between  the  read  beam  and  its 
phase  conjugated  diffracted  beam  in  this  manner  will  strengthen  the  grating  up  to  a  steady  state 

level,  ris-  This  steady  state  level  is  determined  by  the  crystal’s  two-beam  coupling  gain  and  the 

duration  of  each  toggling  sequence  compared  with  the  crystal’s  time  constant,  x.  Conceptually,  the 
index  grating  amplitude  will  “slosh”  from  one  side  of  the  crystal  to  the  other  as  each  respective 
enhancement  beam  is  activated. 

Our  experimental  investigations  into  the  theories  proposed  in  Ref.  [4]  were  performed 
utilizing  a  Coherent  Innova  300  Ar+3  laser  at  514.5  nm  and  a  number  of  undoped  and  cerium 
doped  barium  titanate  crystals,  obtained  from  the  Institute  of  Physics,  Chinese  Academy  of 
Sciences,  Beijing.  Figure  1  diagrams  the  set  up  utilized,  where  plane  waves  were  used  to  write 
and  read  index  gratings  in  the  crystals.  Beams  Ai  and  A2*  enter  through  their  respective  toggling 
shutters  Si  and  S2,  reflecting  off  of  beam  splitters  BS  to  enter  the  photorefractive  crystal. 
Detectors  Di  and  D2  then  detect  the  respective  diffracted  signals,  sending  this  data  to  a  computer 
for  storage  and  analysis.  This  computer  also  controls  shutter  operations.  Two  approaches  were 
exercized  in  achieving  steady  state  diffraction  efficiencies;  case  one  which  toggled  the  beams 
whenever  the  respective  diffracted  signal  fell  to  a  given  percentage  of  its  maximum  value  during  a 
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given  toggle  cycle,  and  case  two  which  toggled  the  beams  at  a  set  fraction  of  the  crystal’s 
photorefractive  response  time.  Figure  2(a)  shows  a  typical  plot  of  the  data  taken  under  case  one, 
where  the  beams  were  toggled  at  95%  of  their  achieved  maximum  and  the  crystal  utilized  was  a  45 
degree  cut  undoped  sample.  Slight  assymetries,  especially  evident  near  saturation,  are  due  to 
fanning  losses  which  differ  for  the  two  beams  in  this  type  of  crystal.  Data  for  case  two  is  given  in 
Fig.  2(b),  which  shows  relative  peak  and  average  saturation  diffraction  efficiencies  as  a  function  of 

t/x  values  utilizing  the  same  crystal  as  in  case  one. 

It  should  be  noted  that  the  enhancement  of  gratings  is  a  simple  case  of  the  enhancement  of 
holograms.  Enhancing  holograms,  with  all  of  their  spatial  frequencies,  is  a  task  requiring  more 
attention  being  given  to  generation  of  the  phase  conjugate  of  the  diffracted  beam.  Indeed,  if  the 
object  beam  is  utilized  as  the  original  enhancing  beam,  then  its  diffracted  beam  could  be  a  simple 
plane  wave,  which  would  be  easy  to  phase  conjugate.  It  can  also  be  noted  that  selective 
characteristics  of  index  holograms  can  be  enhanced  while  undesireable  characteristics  are  dimished 
or  erased  simply  by  spatial  filtering  of  the  diffracted  read  beam  somewhere  inbetween  the  stored 
hologram  and  the  diffracted  beam’s  phase  conjugate  mirror.  Under  such  circumstances,  optica! 
information  processing  can  be  achieved  during  the  enhancement  process.  Such  a  filtering  .scheme 
would  be  necessary,  in  fact,  for  the  preservation  of  relative  grating  amplitudes  in  a  hologram. 

In  conclusion,  we  have  shown  experimental  verification  of  novel  concepts  for  the  optical 
enhancement  of  photorefractive  gratings.  We  have  also  proposed  how  these  concepts  can  be 
utilized  for  dynamic  optical  information  processing  of  data  stored  within  a  photorefractive  crystal. 

This  work  was  supported  by  the  Air  Force  Office  of  Scientific  Research. 
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Figure  1.  Experimental  set  up  for  studying  optical  self-enhancement  of  photorefractive  gratings. 
The  Crystal  is  45  deg.  cut,  undoped  barium  titanate.  Beams  Ai  and  k2*  are  phase  conjugates  of 
one  another’s  diffracted  beams.  They  are  toggled  by  shutters  Si  and  S2,  respectively,  in 
accordance  to  the  Control  decision  concerning  the  signals  detected  at  detectors  D]  and  D2, 
respectively. 
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Figure  2.  (a)  Experimental  data  for  beam  toggling  at  95%  of  local  diffraction  maximum. 
Diffraction  is  seen  to  quickly  rise,  peak  out,  and  begin  falling  before  the  shutters  toggle  to  the  other 
beam.  The  assymetry  in  the  two  beam  diffraction  curves  is  due  to  beam  fanning,  which  is  stronger 
for  one  beam  than  it  is  for  the  other,  due  to  the  crystal’s  special  cut. 

(b)  Experimental  data  for  beam  toggling  at  various  fractions  of  the  crystal’s  photorefractive 
response  time.  The  diamonds  represent  peak  saturation  values  and  the  circles  represent  average 

saturation  values  at  given  t/x  ratios.  In  both  (a)  and  (b),  the  gratings  grew  from  noise  (zero  initial 
grating  amplitudes). 
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Conventional  holographic  storage  methods,  such  as  angle  or  wavelength  multiplexing, 
superimpose  multiple  holograms  in  the  volume  of  the  recording  material.  The  number  of 
holograms  that  can  be  stored  is  typically  proportional  to  the  thickness  of  the  material.  Recently, 
photopolymer  films  have  been  developed  that  are  inexpensive,  easy  to  fix  and  have  a  relatively 
large  dynamic  range,  making  them  good  candidates  for  high  density  data  storage.  An  example  of 
this  material  is  DuPont’s  HRF- 150-38  photopolymer  film  [1,2].  The  storage  density  achievable 
with  these  materials  is  limited  due  to  their  thickness  of  tens  of  microns.  In  this  paper  we  present 
two  results.  First,  a  new  holographic  multiplexing  method  (peristrophic  multiplexing)  that 
significantly  increases  the  storage  density  achievable  in  thin  films  is  demonstrated.  In  audition,  an 
exposure  schedule  that  maximizes  the  utilization  of  available  dynamic  range  of  the  photopolymer 
is  derived. 

The  setup  used  to  demonstrate  peristrophic  multiplexing  is  shown  in  Figure  1.  The  setup 
is  similar  to  a  conventional  angle  multiplexing  arrangement,  where  either  the  angle  of  the 
reference  beam  is  scanned  or  the  material  is  rotated  around  the  y-axis.  For  peristrophic 
multiplexing,  the  material  is  rotated  around  the  z-axis  instead.  After  each  hologram  exposure,  the 
material  is  rotated  in  plane.  The  rotation  shifts  the  reconstructed  image  off  the  detector  or  the 
stored  hologram  becomes  non-Bragg  matched,  allowing  for  another  hologram  to  be  stored  at  the 
same  location.  This  process  repeats  until  the  maximum  rotation  angle  of  180"  is  reached.  For 
materials  greater  than  ~lmm  in  thickness,  the  Bragg  match  criterion  will  determine  the  required 
peristrophic  rotation  angle  before  a  new  hologram  can  be  stored  at  the  same  location.  Otherwise, 
the  reconstructed  image  is  shifted  off  the  detector  first  with  the  rotation.  Peristrophic 
multiplexing  can  also  be  realized  by  rotating  both  recording  beams  around  the  z-axis.  To  further 
increase  the  storage  density,  other  multiplexing  techniques  can  be  combined  with  peristrophic 
multiplexing. 

An  exposure  schedule  for  the  HRF- 150-38  photopolymer  was  derived  by  first  measuring 
the  diffraction  efficiency  versus  the  exposure  energy  as  shown  in  Figure  2.  The  amplitude  of  the 
recorded  gratings  can  be  obtained  by  taking  the  square-root  of  the  diffraction  efficiency.  This 
curve  can  then  be  fitted  for  E>Eo  to  the  following  equation. 


JEzEs]'^ 


A(0  =  4 


(1) 


where  E  is  the  exposure  energy  .  The  slope  of  equation  (1)  multiplied  by  the  exposure  energy 
gives  the  amplitude  of  the  written  grating.  By  setting  the  m*  hologram’s  grating  amplitude  equal 
to  the  m-l*  grating  amplitude,  a  recursive  foirnula  can  be  derived  that  results  in  M  holograms 
with  equal  diffraction  efficiencies.  The  exposure  energy  for  the  m**’  hologram  is  given  by  Equation 
(2),  where  E^  and  En,-i  are  the  exposure  energies  for  the  m*  and  m-1*  holograms,  respectively. 


(2) 


The  dynamic  range  is  fully  utilized  by  scaling  the  initial  recording  energy  to  Ei=i/M,  where  M  is 
the  total  number  of  holograms  to  be  recorded. 
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Peristrophic  multiplexing  was  demonstrated  using  the  setup  shown  in  Figure  1.  A  second 
rotation  stage  was  added  to  rotate  the  material  in  the  y-axis  in  order  to  implement  angle 
multiplexing  as  well.  The  signal  and  reference  beam  were  initially  incident  on  the  film  at  ±30°  to 
the  normal  (z-axis).  Cartoons  were  presented  to  the  optical  system  by  using  a  spatial  light 
modulator  (SLM).  The  photopolymer  to  be  exposed  was  located  in-between  the  Fourier  plane 
and  the  image  plane  to  ensure  uniformity  of  the  presented  image.  The  peristrophic  rotation 
required  to  filter  out  a  stored  hologram  was  experimentally  determined  to  be  ~3°  while  the 
rotation  required  to  Bragg  rais-match  an  angle  multiplexed  hologram  was  also  ~3°.  For  each 
peristrophic  multiplexing  position,  five  angle  multiplexed  holograms  were  stored.  A  total  of  295 
holograms  were  recorded  in  about  a  half  cm^  area  with  an  average  diffraction  efficiency  of  better 
than  lO"^.  Figure  3  shows  the  reconstruction  of  one  of  the  295  holograms. 

In  summary,  we  have  demonstrated  that  peristrophic  multiplexing  makes  it  possible  to 
store  several  hundred  holograms  in  thin  films.  Whereas  previously  this  capability  was  only 
possible  with  materials  ~lcm  thick.  Therefore,  this  approach  makes  it  possible  to  fabricate 
compact  3-D  holographic  disks  with  high  storage  density. 


Figure  1:  Peristrophic  multiplexing  setup. 


Figure  2;  The  diffraction  efficiency  as  a  function  of  exposure  energy. 
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Figure  3:  One  reconslmcted  hologram  out  of  295. 
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Optical  data  storage  in  volume  holographic  media  has  been  an  important  and  exciting 

area  of  research.  This  is  driven  mainly  by  the  prospect  of  an  enormous  storage  density  of  ~  1  /  ^ 
bits  per  unit  volume.  In  the  spectral  regime  of  visible  light,  this  translates  into  a  storage  density 
of  several  terabits  per  cubic  centimeter.  In  practical  applications  such  as  optical  image 
processing,  and  pattern  classification,  the  storage  capacity  is  limited  by  the  cross-talk  noise 
between  holograms  and  pixels.  Several  aspects  of  the  cross-talk  noise  have  been  addressed  by 
previous  workers^'^.  Assuming  an  infinite  transverse  dimension  of  the  medium,  Gu  et.  al.  have 
considered  the  effect  of  the  thickness  of  the  crystal  on  the  storage  capacity,  and  obtained 
limitations  on  the  total  number  and  the  physical  size  of  the  holograms  that  can  be  stored  in  the 
crystal  with  a  certain  signal-to-noise  ratiof^.  in  addition,  Yariv  has  analyzed  the  problem  of 
interpixel  cross-talk  noise  in  orthogonal  wavelength-multiplexed  volume  holographic  data 
storage'^.  Although  some  aspects  of  the  cross-talk  noise  have  been  investigated,  a  general  theory 
leading  to  quantitative  results  on  storage  capacity  in  terms  of  number  of  bits  per  unit  volume  is 
not  available.  In  this  paper,  we  present  a  general  analysis  of  the  storage  capacity  by  considering 
the  effect  of  finite  transverse  size  of  the  crystal  on  the  storage  capacity,  and  employing  a 
statistical  method  to  evaluate  the  cross  talk  noise.  We  obtain,  for  the  first  time,  expressions  for 
the  cross-talk  limited  storage  capacity  in  terms  of  the  number  of  bits  per  unit  volume.  The  results 
are  then  employed  to  compare  angle  multiplexing  and  wavelength  multiplexing. 

Fig.  1  shows  a  typical  recording  and  readout  configuration  for  optical  storage  where 
Fourier  transform  holograms  are  stored  in  a  volume  holographic  medium.  The  input  and  output 
array  of  pixels  are  shown  in  Fig.2.  It  is  assumed  that  the  input  pixels  can  only  be  on  or  off  with 
no  gray  levels  and  the  phases  of  the  on-pixels  are  random.  At  the  output  plane,  an  array  of  point 
detectors  is  used.  We  first  consider  the  intrapage  interpixel  cross-talk  caused  by  the  finite 
transverse  size  of  the  crystal.  An  arbitrary  input  pattern  consisting  of  an  array  of  square  pixels  is 
stored  in  the  holographic  medium.  By  using  standard  Fourier-optics  analysis,  we  obtain  the 
optical  amplitude  of  the  reconstructed  image  in  the  output  plane.  By  virtue  of  diffraction,  each 
pixel  of  the  input  pattern  is  transformed  into  a  sinc-like  pattern  with  a  series  of  side  lopes.  Thus 
the  reconstructed  image  is  not  an  exact  replica  of  the  input  pattern.  It  consists  of  a  signal 
amplitude  and  a  noise  amplitude.  The  physical  overlap  of  these  pixel  images  is  the  source  of 
interpixel  cross-talk.  Without  loss  of  generality,  let  us  examine  the  image  amplitude  of  the  input 
pattern  at  the  origin  (0,0).  The  signal  amplitude  and  the  noise  amplitude  can  be  written 

=  Ao[j^icsinc(^x)rect(-|)]^  (1) 

=  X  A.exp(/</>„, ) J d^„sinc(^x,  )rect(^g-^^) J  Jy„sinc(^ y,  )rect(  - . --^)  (2) 

m^(0,0) 

respectively,  where  A^exp(i(l)„)  is  the  amplitude  for  the  m-th  pixel  with  a  random  phase,  5  is 
the  width  of  each  pixel,  S  is  the  period  of  the  pixel  array,  D  is  the  transverse  size  of  the  crystal, 
/  is  the  focal  length,  and  Xf/D  is  the  width  of  the  side  lopes  of  the  sine  function.  By  evaluating 
the  integral  in  Eq.  (2)  we  find  that  the  interpixel  cross-talk  noise  is  critically  dependent  on  the 
ratio  between  5  and  Xf/D.  When  the  pixel  size  is  an  odd  integral  multiple  of  the  width  of  the 
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sine  function  side  lope,  =  {lk-l)Xf  jD  (where  is  a  positive  integer),  the  noise  is 

maximum.  The  signal-to-noise  ratio  (defined  as  the  ratio  of  the  signal  intensity  |f/^|  to  the 
variance  of  the  noise  -  E{uJ[})  can  be  written 


(3) 


When  the  pixel  size  is  an  even  integral  multiple  of  the  width  of  the  sine  function  side  lope, 
i.e.,  5  =  IkkfiD,  the  noise  terms  in  Eq.  (2)  are  minimum.  The  total  noise  has  a  finite  upper  limit 
when  all  the  input  pixels  are  in  phase.  The  signal-to-noise  ratio  (defined  as  the  ratio  of  the  signal 

intensity  to  the  upper  limit  of  the  total  noise  intensity)  can  be  written 


SNR  =  (— ^  ^  -  f  (4) 

According  to  Eqs.  (3)  and  (4),  we  note  that  the  finite  transverse  size  of  the  crystal  leads 
to  the  intrapage  interpixel  cross-talk  noise  which  imposes  a  limitation  on  the  pixel  separation  in 
each  hologram.  It  is  known  that  the  finite  thickness  of  the  crystal  leads  to  an  interpage  cross-talk 
noise  which  in  turn  limits  the  total  number  and  physical  size  of  the  holograms  that  can  be  stored 
in  the  crystall-2.  Combining  Eqs.  (3)  and  (4)  with  those  previous  results,  we  can  obtain  the 
storage  density  in  terms  of  the  total  number  of  bits  per  unit  volume. 

In  the  case  of  wavelength  multiplexing,  the  limitations  imposed  by  the  interpage  cross¬ 
talk  are  Av  =  c/(2t)  and  SNR^^  =  iffarea^,  where  Av  is  the  frequency  separation  of  adjacent 
holograms,  c  is  the  light  velocity  in  vacuum,  t  is  the  thickness  of  the  crystal,  SNR^^  is  the 
signal-to-noise  ratio  due  to  interpage  cross-talk  noise,  /  is  the  focal  length  and  area  is  the  area 
of  the  input  plane  (NSxNS).  Assuming  the  wavelength  tuning  range  is  from  Ao/2  to  the 
ratio  5D/  A/  will  vary  by  a  factor  of  2.  Thus  the  SNR  varies  between  SNR^^j  and  SNR^^^„.  The 
storage  density  for  wavelength  multiplexing  is  between  the  following  two  limits 


_ 1 _ 1_ 

~r  {SNR^SNR„,,)X: 


and 


p^(max)  = 


3 _ 1_ 


(5) 


Because  of  the  variation  in  wavelength,  the  maximum  storage  density,  which  represents  an  upper 
limit,  can  not  be  achieved  in  practice. 

In  the  case  of  angle  multiplexing,  the  limitation  imposed  by  the  interpage  cross-talk  is 
SNRpa  =  (2tf)/(kdyNh), where  is  the  size  of  the  output  plane  in  the  y  direction  and  N^  is  the 

number  of  holograms  1.  The  interpage  cross-talk  only  gives  limitation  on  one  dimension  of  the 
output  plane.  The  other  dimension  is  limited  by  the  paraxial  approximation.  Let  a  =  dxlf , 
where  d^  is  the  size  of  the  output  plane  in  the  x  direction.  The  storage  density  for  angle 
multiplexing  is  between  the  following  two  limits 


pg(min)  = 


3;r^  a _ 1_ 

~T  SNR^JNR,^  A^ 


and 


pg(max)  = 


3 _ a _ 1_ 

2  SNR^^SNR,,,,  A’ 


(6) 


In  angle  multiplexing,  we  can  adjust  A  and  /  to  satisfy  the  condition  for  minimum  intrapage 
interpixel  cross-talk.  Thus,  the  maximum  storage  density  is  practically  achievable. 
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By  allowing  a  bit  errer  rate  of  10'^  which  corresponds  to  SNR^^  =  SNR^jj  =  150 , 
SNR^^^^=4,  and  using  a  =  0.2,  we  obtain  p^(min)  =  7x10”'^  /  P;^  (max)  =  0.01/ 

Pg(min)  =  7  X 10”^  /  =  5  x  10“^  /  A^,  and  Pg(max)  =  10“^  /  A^  =  8  x  10“^  /  Aq,  where  we  assume 

A  =  Aq  /  2  for  angle  multiplexing. 

In  conclusion,  we  present  a  statistical  analysis  of  the  cross-talk  limited  storage  capacity 
for  both  angle  and  wavelength  multiplexed  holographic  memory.  We  obtain,  for  the  first  time, 
expressions  for  the  storage  capacity  in  terms  of  the  number  of  bits  per  unit  volume.  It  is  found 

that  they  are  reduced  from  the  ultimate  storage  capacity  of  A“^  by  a  factor  of  the  signal  to  noise 
ratio.  The  results  also  indicate  that  angle  multiplexing  has  more  degree  of  freedom  to  be 
optimized  to  reduce  the  intrapage  interpixel  cross-talk  noise. 
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Fig.1  Recording  and  readout  geometry  for  angle  multiplexing 
(e.g.  e=7t/2)  and  wavelength  multiplexing  (e.g.  0^). 
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Fig.2  Input  (a)  and  output  (b)  configurations. 


438 


Thursday  Papers  Not  Available 


THAI  Frequency  Doubled  Nd:Yag  Laser  for  General  Surgery:  From  the  Research  Lab  to  Commercial  Product 


THA2  Up-conversion  Lasers 


THA5  Threshold  Reduction  Techniques  for  SBS  Phase  Conjugation 


FRIDAY,  JULY  29 

FA:  Fundamental  Quantum  Processes 

inNLO 

FB;  Nonlinear  Optical  Materials- 
Inorganics 


441 


442 


8:00am  -  8:15am 
FA1 

Are  Time-  and  Frequency-Domain  Nonlinear  Spectroscopies 
Related  by  a  Fourier  Transform? 


Rick  Trebino 

Combustion  Research  Facility,  Sandia  National  Laboratories 
Livermore,  CA  94551,  (510)  294-2893,  FAX  (510)  294-2276 

John  T.  Fourkas 

Department  of  Chemistry,  University  of  Texas 
Austin,  TX  78712,  (512)  471-5001,  FAX  (512)  471-8696 

Alfred  M.  Levine 

Applied  Science  Department,  College  of  Staten  Island 
Staten  Island,  NY  10301 


It  is  commonly  believed  that  nonlinear-spectroscopic  techniques 
involving  nearly  monochromatic  beams,  in  which  one  or  more  beam 
frequencies  are  varied,  are  in  some  sense  the  "Fourier  transforms"  of  tech¬ 
niques  involving  ultrashort  pulses,  in  which  one  or  more  pulse  delays  are 
varied.  While  it  is  well  known  that  many  effects  (inhomogeneous  broad¬ 
ening,  saturation,  imperfect  light  sources,  etc.)  can  complicate  the  relationship 
between  such  techniques,  it  is  still  felt  that  at  some  fundamental  level,  in  the 
absence  of  these  effects,  the  Fourier-transform  relationship  of  these  "conju¬ 
gate  techniques"  remains  valid.  Indeed,  nearly  all  nonlinear-optics  textbooks 
include  a  section  "proving"  the  validity  of  the  Fourier  transform  in  each 
order  of  perturbative  nonlinear  spectroscopy.  Butcher,^  for  example,  in  his 
classic  work  on  nonlinear  optics,  defined  the  frequency-domain  nonlinear 
susceptibility,  x^''\coi, ... ,  cOn),  to  be  the  n-dimensional  Fourier  transform  of 
the  time-domain  nonlinear  response  function,  ... ,  Xn)- 

Given,  however,  that  semi-classical  nonlinear-optical  perturbation 
theory  gives  specific  expressions  for  the  response  in  time-domain 
experiments  and  the  susceptibility  in  frequency-domain  experiments,^  a 
reasonable  question  is  "Are  ... ,  and  ... ,  tJ,  as  given  by 

semi-classical  nonlinear-optical  perturbation  theory,  n-dimensional  Fourier 
transforms  of  each  other  for  corresponding  frequency-  and  time-domain 
nonlinear-spectroscopic  interactions?" 

We  find  that,  while  the  above  Fourier  transform  does  hold  for  classical 
problems,  it  fails  badly  in  semi-classical  nonlinear  spectroscopy. 

An  easy-to-derive  result  is  that  each  Feynman  diagram  yields  a  term 
that  contributes  to  both  time-  and  frequency-domain  interactions,  and  these 
terms  are,  indeed,  related  by  an  n-dimensional  Fourier  transform.  However, 
because  each  of  these  pairs  of  terms  involves  a  different  set  of  conjugate 
variables,  the  Fourier-transform  relationship  does  not  survive.  Thus,  we 
find  that,  unless  a  single  time-ordering  contributes  to  each  nonlinear-optical 
interaction,  x^"Hcoj,  ...  ,  coj  and  ... ,  rj  are  still  not  n-dimensional 
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Fourier  transforms  of  each  other.  In  general,  it  is  difficult  to  find  cases  where 
only  a  single  time-ordering  contributes. 

Figures  1  and  2  show,  as  an  example,  two  techniques  that  are 
commonly  considered  Fourier  transforms:  the  transient-grating  (TG) 
technique^  and  nearly  degenerate  four-wave  mixing  (NDFWM),'*’^  which 
frequently  involve  the  same  diagrams.  The  breakdown  of  the  Fourier- 
transform  relationship  for  these  techniques  occurs  at  the  first  interaction,  in 
which  the  time  and  frequency  conjugate  variables  are  Ti  =  t2  -  ti  and  coi, 
respectively,  for  the  first  and  third  diagrams  in  Fig.  2  and  -Xi  and  -CO2, 
respectively,  for  the  second  and  fourth  diagrams.  It  is  the  second  interaction, 
however,  that  is  important  in  these  experiments,  and  the  susceptibility' s 
dependence  on  the  relevant  variable,  coi  -  (02,  can  be  shown  to  be 
proportional  to  the  Fourier  transform  of  the  response's  dependence  on 
t2  =  t3  - 12,  a  somewhat  weaker  condition,  but  perhaps  acceptable. 

Unfortunately,  at  low  pressure,  the  proportionality  "constant"  is  a 
function  of  the  variables  of  interest,  and  the  resonances  actually  cancel  out! 
Specifically,  in  the  absence  of  pure  dephasing,  the  NDFWM  susceptibility  is 
well  known  to  be  constant  due  to  perfect  cancellation  of  these  factors  when  all 
time-orderings  are  included.^  In  the  TG  response,  on  the  other  hand,  the 
time-orderings  constructively  interfere,  yielding  strong  oscillations  even  at 
very  low  pressures.  TG  results  for  sodium  are  shown  in  Fig.  3,  and  NDFWM 
results  have  been  observed  experimentally  many  times  (see,  for  example, 
Bloembergen,  et  al.^). 

We  will  discuss  the  consequences  of  these  unintuitive  results.  We  will 
also  discuss  cases  in  which  an  n-dimensional  Fourier  transform  can  be 
assumed  to  hold,  but  for  which  unintuitive  behavior  is  also  obtained.  An 
example  of  this  latter  effect  involves  time-  and  frequency-domain  CARS,  in 
which  the  width  of  a  frequency-domain  CARS  spectrum  is  not  related  to  the 
decay  time  constant  in  time-domain  CARS. 
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Figure  1.  Examples  of  time-  and  frequency-domain  methods  that  are  generally 

considered  "Fourier-transform-pair  techniques."  Beam  diagrams  illustrate  the  transient¬ 
grating  (TG)  and  nearly-degenerate  four-wave  mixing  (NDFWM)  techniques.  These  methods 
are  used  as  an  example  in  this  work,  but  the  breakdown  of  the  Fourier-transform  relationship  is 
general  and  applies  to  all  such  pairs  of  methods. 


Figure  2.  Most  important  Feynman  diagrams  (time-orderings)  contributing  to  the  induced 

polarization  in  the  transient-grating  and  nearly  degenerate  four-wave-mixing  techniques.  At 
left  is  shown  a  simple  energy-conservation  diagram  for  these  processes,  illustrating  the 
pxjssible  study  of  ground-state  or  excited-state  resonances. 


Fig.  3.  Experimental  (squar¬ 
ed-modulus)  response  for  a 
one-color,  time-domain  tran¬ 
sient-grating  experiment  in¬ 
volving  the  excitation  and 
probing  of  the  sodium  Di 
fine  at  very  low  pressure. 
Inset  is  the  numerically 
computed  Fourier  transform 
of  this  response,  showing 
the  1.77-GHz  ground-state 
hyperfine  splitting  and  the 
excited-state  189-MHz 
hyperfine  splitting.  In  the 
frequency  domain^  (See 
Bloembergen,  et  al.^),  the 
signal  strength  is  not  the 
Fourier  transform  of  this 
experimental  result;  instead 
it  is  constant  for  this 
experiment.  Indeed,  these 
two-photon  resonances  are 
absent  from  the  susceptibili¬ 
ty- 
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8:15am -8:40am  (Invited) 
FA2 


Quantum  Optics  of  Dielectric  Media 

P.W.  Milonni 

Theoretical  Division 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


The  quantization  of  the  electromagnetic  field  in  dielectric  media  goes  back  to  work 
of  Ginzburg  and  Jauch  and  Watson  in  the  1940s.  Ginzburg,  in  particular,  applied  his 
formalism  to  problems  of  transition  radiation  and  the  Cerenkov  effect.  The  theory  of  the 
electromagnetic  field  in  dielectric  media  has  attracted  renewed  attention  in  recent  years, 
with  particular  emphasis  given  to  (a)  general  radiative  processes  and  the  effect  of  local 
( Lor entz- Lorenz)  field  corrections;  (b)  the  general  form  of  the  interaction  Hamiltonian; 
and  (c)  the  effect  of  local  field  corrections  on  nonlinear  optical  susceptibilities. 

In  this  work  the  field  is  quantized  in  a  simple  and  straightforward  way  based  on  the 
classical  expression  for  the  energy  density, 

^{e^)|E„P  + , 

for  the  case  of  weak  absorption.  The  quantized  fields  lead  to  expressions  for  spontaneous 
and  stimulated  emission  rates,  and  gain  and  absorption  coefficients,  for  the  general  case  of 
a  dispersive  dielectric  host  medium.  Local  field  corrections,  when  they  apply,  arise  in  the 
same  manner  as  in  classical  electromagnetic  theory.  The  theory  also  leads  to  a  radiative 
level  shift  dependent  on  the  dispersion  of  the  dielectric,  and  this  shift  may  be  interpreted 
as  a  van  der  Waals  interaction  between  the  guest  atom  and  the  atoms  of  the  host  medium. 
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Contrary  to  the  frequent  statement  that  it  is  the  electric  displacement  vector  rather 
than  the  electric  field  that  should  be  used  in  the  electric  dipole  interaction,  it  is  shown  that 
use  of  the  displacement  vector  leads  in  fact  to  an  incorrect  result  for  an  atom  embedded 
in  a  dielectric  host,  and  the  reason  for  this  is  explained  from  both  physical  and  formal 
perspectives.  The  theory  is  also  applied  to  the  modification  of  nonlinear  susceptibilities 
by  local  fields. 
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8:40am  -  9:05am 
FAS 


Realistic  Measurement  of  Phase 


H.  Paul 

Arbeitsgruppe  “Nichtklassische  Strahlung” 
der  Max-PIanck-Gesellschaft 
an  der  Humboldt-Universitat  zu  Berlin 
Jagerstrafie  10/11,  10117  Berlin 
Germany 

One  of  the  most  delicate  problems  in  quantum  optics  is  the  proper  description  of  the 
phase  of  a  single-mode  radiation  field.  The  formal  problem  of  introducing  a  (strictly) 
Hermitian  phase  operator  could  be  ultimately  solved  only  by  resorting  to  an  artificial 
finite-dimensional  Hilbert  space  [1].  From  a  more  practical  point  of  view,  it  will  be  felt 
even  more  unsatisfactory  that  no  experimental  scheme  for  an  “ideal”  phase  measure¬ 
ment  could  be  devised.  Actually,  both  the  theoretical  and  the  experimental  difficulties 
have  a  common  root;  Since  an  electromagnetic  field  couples  to  matter  via  the  electric 
field  strength  which  comprises  both  (real)  amplitude  and  phase,  the  phase  cannot  be 
determined  from  a  single  measurement,  even  in  classical  optics.  So  in  order  to  make 
contact  with  reality,  one  will  have  to  turn  the  tables:  One  will  first  devise  an  experimen¬ 
tal  scheme  for  phase  measurement,  thus  giving  an  operational  definition  of  phase,  and 
afterwards  search  for  the  proper  quantum-mechanical  description  of  the  experimental 
procedure.  In  fact,  several  such  schemes  which  differ  distinctly  in  their  experimental 
setup  have  already  been  proposed  and  even  partly  realized.  In  this  paper,  I  will  describe 
them  in  some  detail  and  present  the  outlines  of  their  theoretical  analysis. 

The  first  to  discuss  a  realistic  phase  meeisuring  device  were  Bandilla  and  Paul  [2], 
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who  as  early  as  1969  proposed  to  amplify,  with  the  help  of  a  laser  (or  parametric) 
amplifier,  the  microscopic  field  to  be  investigated  to  a  macroscopic  level,  where  classical 
phase  measurement  techniques  can  readily  be  applied.  Since  any  amplifier  unavoidably 
adds  noise  to  the  amplified  signal,  this  type  of  phase  measurement  is  necessarily  of  noisy 
(fuzzy)  character. 

Fifteen  years  later  Shapiro  and  Wagner  [3]  analyzed  a  heterodyne  detection  scheme 
which  allows  simultaneous,  however  noisy,  observations  of  both  the  phase  and  the  am¬ 
plitude  of  a  signal  field.  Their  basic  idea  was  to  mix  the  signal,  by  means  of  a  weakly 
reflecting  mirror,  with  a  strong  coherent  field  (local  oscillator)  whose  frequency  is  shifted 
by  a  certain  amount  Av.  The  mixed  field  is  sent  to  a  photodetector.  Its  photocurrent 
contains  an  alternating  current  oscillating  at  the  difference  frequency  At/  —  it  is  just 
the  beat  signal  —  and  the  amplitudes  of  this  alternating  current,  corresponding  to  the 
components  oscillating  as  cos(27rAj/f)  and  sin(27r Ai/f)  respectively,  are  determined  sepa¬ 
rately  by  well  known  electronic  techniques.  By  repeating  this  measurement  many  times, 
one  can  determine  a  distribution  function  for  those  amplitudes  x  and  p.  Passing  to 
polar  coordinates  one  gets  a  distribution  function  for  both  the  amplitude  (radius)  and 
the  phase  (polar  angle)  of  the  signal  field.  Averaging,  in  particular,  over  the  amplitude 
yields  a  phase  distribution.  Also  in  the  present  case  undesired  noi.se  enters  the  experi¬ 
mental  device:  One  has  to  notice  that  a  beat  signal  with  beat  frequency  Aiy  originates 
also  from  the  empty  field  mode  which  is  the  image,  with  respect  to  frequency,  of  the 
signal  mode,  which  makes  the  measurement  noisy. 

Only  recently,  Noh,  Fougeres  and  Mandel  [4]  proposed  and,  moreover,  realized  a 
different  experimental  scheme  which  is  closely  related  to  classical  phase  measurement. 

Also  in  this  case  two  variables  are  measured  simultaneously,  namely  two  field  quadra- 
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ture  components  x  and  p.  This  is  achieved  by  dividing,  with  the  help  of  a  50  :  50 
beam  splitter,  the  original  field  into  two  parts  and  measuring  x  one  of  them  and  p  on 
the  other.  Those  two  independent  measurements  can  be  performed  making  use  of  the 
balanced  homodyne  detection  technique.  When  the  local  oscillators  employed  in  those 
detection  schemes  are  strong,  one  can  analyse  the  experiment  along  the  same  lines  as 
in  the  heterodyne-detection  scheme  [3].  Also  this  measurement  is  noisy,  due  to  vacuum 
fluctuations  that  enter  the  unused  input  port  of  the  beam  splitter. 

Actually  it  could  be  shown  that  all  three  schemes  are  physically  perfectly  equiva¬ 
lent,  the  measured  distribution  for  x  and  p  being  the  Q  function  for  the  original  held. 
They  share  the  common  feature  that  they  make  possible  a  simultaneous,  however  noisy, 
measurement  of  two  canonically  conjugate  variables. 
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9:05am  -  9:30am 

FA4  CONTROLLING  QUANTUM  FLUCTUATIONS  BY 

ELECTROMAGNETIC  FIELD  INDUCED  COHERENCES 

G.S.  AGARWAL 

University  of  Hyderabad,  Hyderabad,  INDIA 

It  is  well  established  that  a  A  -  system  under  the 
action  of  two  intense  fields  and  in  the  absence  of 
collisions  ends  up  in  a  state  known  as  coherent  population 
trapping  state^  (CPT  state) .  This  state  has  well  defined 
coherence  between  the  two  lower  levels  of  the  A  -  system  and 
has  found  many  different  applications.  In  this  paper  I 
demonstrate  the  utility  of  this  coherence  in  controlling 
quantum  fluctuations. 

As  a  first  application  I  consider  the  production  of 
twin  beams^  i.e.  beams  which  are  identical  not  only  in  their 
mean  amplitudes  but  also  in  their  quantum  statistics.  The 
last  fact  is  expressed  mathematically  in  terms  of  the 
P-distribution  for  the  joint  density  matrix  of  the  two 
beams.  The  P-distribution  has  the  structure. 

P(a^,  a^)  =  (a^  -  a^)  f(a^). 

This  is  obtained  by  considering  the  quantum  dynamical 
evolution  of  the  weak  fields  on  the  two  transitions  of  the 
A  -  system.  The  master  equation  is  derived  and  the 
coefficients  in  the  master  equation  depend  to  all  orders  on 
the  strength  of  the  two  pump  fields.  The  presence  of  the 
coherence  between  two  lower  states  of  the  A  -  system  leads 
to  correlation  between  the  two  modes.  The  correlation  is 
especially  pronounced  and  survives  even  in  the  steady  state 
if  the  frequencies  of  the  two  modes  satisfy  the  Raman 
condition. 

As  a  second  application  we  consider  how  we  can  use  the 

3 

coherence  between  two  ground  states  to  transfer  energy  from 
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the  pump  field  to  the  signal  field  without  addition  of 
quantum  noise.  In  other  words  an  initial  coherent  state  of 
the  signal  transforms  into  a  coherent  state  with  larger 
field  amplitude.  This  is  in  contrast  to  the  normal 
amplification  process  where  an  input  coherent  state  is 
transformed  into  a  mixture  of  coherent  state  and  noise 
photons,  which  are  inherent  in  the  amplification  process. 

Generalization  of  the  above  results  to  the  case  of 
pulsed  excitation  will  be  discussed. 
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9:55am-  10:10am 

A  NEW  ERA  FOR  SPONTANEOUS  EMISSION: 

THE  SINGLE-MODE  LIGHT-EMITTING-DIODE 

by 

E.  Yablonovitch 

UCLA  Electrical  Engineering  Department 
405  Hilgard  Ave. 

Los  Angeles,  CA  90024-1594 
tel.  (310)206-2240 
FAX:  (310)206-8495 

As  we  learn  to  engineer  spontaneous  emission,  it  begins  to  assume  many  of  the 
roles  previously  reserved  for  stimulated  emission.  While  interest  in  low-threshold 
semiconductor  laser  diodes  has  grown,  e.g.  for  optical  interconnects,  its  spontaneously 
luminescent  half-brother,  the  light-emitting-diode  (LED)  has  begun  to  re-emerge  in  a  new 
form.  In  this  new  form  the  LED  is  surrounded  by  an  optical  cavity.  The  idea  is  for  the 
optical  cavity  to  make  available  only  a  single  electromagnetic  mode  for  the  output 
spontaneous  emission  from  the  semiconductor  diode. 

With  all  the  spontaneous  emission  funneled  into  a  single  optical  mode,  the  LED  can 
begin  to  have  many  of  the  coherence  and  statistical  properties  normally  associated  with 
above-threshold  lasing.  The  essential  point  is  that  the  spontaneous  emission  factor,  which 
measures  the  proportion  of  spontaneous  emission  going  into  the  preferred  electromagnetic 
mode,  should  approach  unity.  (A  closely  related  concept  is  that  of  the  'Izero-threshold  laser", 
in  which  the  high  spontaneous  emission  factor  produces  a  very  soft  and  indistinct  threshold 
characteristic  in  the  light  output-versus-current  input  curve  of  laser  diodes.) 

The  idea  is  to  combine  the  advantages  of  the  LED  which  is  thresholdless  and  highly 
reliable,  with  those  of  the  semiconductor  laser  which  is  coherent  and  very  efficient. 

The  essential  ingredient  for  these  concepts  is  a  single  mode  electromagnetic  micro¬ 
resonator  which  captures  all  the  spontaneous  emission  from  the  LED  active  region.  There 
has  been  great  progress,  recently,  in  designing  and  making  dielectric  resonators  employing 


453 
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the  concepts  of  photonic  hand  structure.  A  photonic  bandgap  can  occur  in  a  3-dunensionally 
periodic  structure  (a  photonic  crystal),  which  does  to  photon  waves  what  a  semiconductor 
crystal  does  to  electron  waves;  it  creates  a  forbidden  band  of  energies  irrespective  of 
propagation  direction  in  space.  By  introducing  a  defect  into  the  otherwise  perfect  photonic 
crystal,  a  local  electromagnetic  mode  forms  in  the  forbidden  gap  region.  In  keeping  with  the 
electronic  analogy,  the  defect  mode  can  be  either  acceptor-type  or  donor-type. 

Figure  1  shows  a  cross-sectional  view  of  an  acceptor  defect  in  a  practical  photonic 
crystal.  We  have  been  fabricating  a  3-dimensional  photonic  band  structure  in  GaAs  and  will 
review  our  progress.  In  addition,  we  will  consider  some  other  types  of  dielectric  resonator 
structures  which  are  derived  from  millimeter  wave  technology^ .  These  include  various  types 
of  microscopic  dielectric  buttons,  disks,  and  cylinders.  The  behaviour  of  these  dielectric 
resonator  structures  in  LED’s  are  being  tested  by  observing  their  spontaneous  emission 
behaviour  under  optical  pumping. 

We  will  present  our  experimental  results  on  the  spontaneous  emission  from  various 
types  of  microscopic  dielectric  structures,  which  have  been  designed  for  the  goal  of  being 
useful  for  making  a  single-mode  LED . 

1.  'Dielectric  Resonators",  ed.by  D.Kajfez  and  P.  Guillon  (Artech  House,  Norwood, 
Mass.,  1986) 

2.  E.  Yablonovitch,  T.  J.  Gmitter  and  K.  M.  Leung,  Phys.  Rev.  Lett.  67, 2295  (1991). 
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FIGURE  CAPTION 

Figure  1:  A  <1,1, 0>  cross-sectional  view  of  our  face-centered-cubic  photonic  crystal^ 
consisting  of  non-spherical  "air-atoms"  centered  on  the  large  dots.  Dielectric  material  is 
represented  by  the  shaded  area.  The  rectangular  dashed  line  is  a  face-diagonal  cross-section 
of  the  unit  cube.  We  selected  an  acceptor  defect  as  shown,  centered  in  the  unit  cube.  It 
consists  of  a  missing  horizontal  slice  in  a  single  vertical  rib. 
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10:30am  -  10:55am  (Invited) 

FBI 

Frequency-Agile  Materials  for  Visible  and  Near  IR  Frequency  Conversion 
L.K.  Cheng,  L.T.  Cheng,  J.D.  Bierlein  and  R.  Harlow 

Central  Science  and  Engineering,  DuPont  Co.,  Inc.,  P.O.  Box  80306,  Wilmington,  DE 
19880-0306 

The  nonlinear  optical  crystal  KTi0P04  (KTP)  has  long  been  a  favorite 
among  device  designers  for  generating  coherent  radiation  in  the  visible  and  near 
infrared.  Recent  development  of  its  isomorphs,  such  as  KTi0As04  (KTA), 
CsTi0As04  (CTA)  and  Ki.xTii,xNbx0P04  (Nb:KTP)  further  enhances  the 
attractiveness  of  these  light  sources  in  practical  applications  by  providing  more 
material  flexibility.  Like  KTP,  these  isomorphs  possess  large  nonlinearity  and 
favorable  temperature  bandwidths.  Their  linear  optical  properties,  such  as  the 
crystal  birefringence  and  infrared,  however  differ  significantly  from  KTP  and 
lead  to  phase  matching  characteristics  that  complement  KTP  in  many  important 
applications.  For  instance  in  the  generation  of  ~2  pm  radiation  using  a  Nd:YAG 
pumped  OPO,  the  smaller  crystal  birefringence  of  CTA  increases  the  phase 
matching  angle  in  the  x-z  plane  (0-75°  in  CTA  compares  to  9-51.5°  in  KTP), 
leading  to  a  theoretically  higher  effective  nonlinearity  and  smaller  beam 
walkoff.^  Similarly,  the  nearly  1  pm  wider  infrared  transparency  of  the  arsenate 
isomorphs  should  effectively  eliminate  the  thermal  loading  problem  associated 

with  the  -3.5  pm  idler  absorption  in  a  Nd:YAG  pumped  high  power  KTP  OPO.^' 
3 


More  importantly,  as  these  isomorphs  are  isostructural,  they  can  readily 
form  solid-solutions  and  do  so  with  favorable  partition  coefficients  (0.5<K'<1.2). 
Table  1  lists  the  birefringence  of  these  isomorphs,  their  crystal  birefringences 
n^-nx  at  632  nm,  their  x-propagating  SHG  cutoffs,  and  the  theoretical 
birefringence  tuning  rates.  This  ability  to  fine  tune  the  crystal  birefringence  via 
solid-solution  composition-tuning  is  particularly  attractive  as  it  offers  the 
potential  of  angle-noncritical  phase  matching  over  a  broad  wavelength  range 
(-0.45-3.6  pm).  Whereas  the  crystal  series  KTA,  RTA  (RbTi0As04),  and  CTA 
offers  a  systematic  decrease  in  the  crystal  birefringence,^  substantial 
birefringence  increases  are  found  for  the  crystal  series  KTP,  Na:KTP 
(NaxKi-xTi0P04)^,  Nb:KTP  and  Ta:KTP  (Ki-xTii.xTax0P04).^  For  highly  doped 
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crystals  (e.g.  ~14.6%Nb:KTP),  a  -100  nm  blue-shift  in  the  SHG  cutoff  wavelength 
(from  0.994  (im  to  0.890  gm)  has  already  been  reported.  This  has  led  to  renewed 
interests  in  the  use  of  bulk  KTP  isomorphs  as  compact  blue-green  light  sources. 

Although  our  solid-solution  birefringence  tuning  approach  appears 
promising,  important  material  issues  concerning  compositional  uniformity  needs 
to  be  addressed.  In  this  regard,  two  aspects  of  these  isomorphs  should  prove 
advantageous:  First,  with  appropriately  chosen  solid-solution  combinations,  the 
birefringence  tuning  rate  is  reasonably  small  that  compositional  fluctuation 
becomes  more  tolerable.  For  instance,  with  the  KTiOPxAsi-x04  solid-solution,  a 
10'^  birefringence  change  corresponds  to  a  (PxAsi-x)  compositional  change  of 
Ax~3%.  Second,  KTP  isomorphs  are  grown  from  a  dilute  solution  where  the 
crystal  yield  amounts  to  only  a  fraction  (-7  weight%)  of  the  melt.  With  near 
unity  partition  coefficient,  the  melt  composition  remains  essentially  unchanged 
throughout  the  crystal  growth  run.  Again,  using  the  previous  KTiOPxAsi.x04 
solid-solution  example,  the  concentration  of  (Px'Asgx')  in  our  K6(Px'Asi-x')40l3 
flux  out-numbered  Ti  (as  in  KTiOPxAsi-x04  crystal)  10-to-l.  Thus,  throughout  a 
typical  crystal  growth  run,  the  near  unity  partition  coefficient  (K  -  x/x'  -  0.88  for 
P)  leads  to  a  maximum  theoretical  change  in  the  flux  composition  x'  of  less  than 
0.01,  or  a  <  0.3x1 0‘4  birefringence  change.  Preliminary  crystal  growth 
experiments  have  yielded  5-22  mm  long  crystals  of  KTiOPxAsi-x04  and 
Ki.xTii-xNbxOP04  crystals  with  respectable  optical  uniformity  (AX.l  <  2  nm-cm). 
Refinement  of  the  crystal  growth  process  should  yield  even  more  encouraging 
result. 


In  summary,  we  reported  the  possible  use  of  solid-solutions  of  KTP 
isomorphs  for  frequency  conversion  applications.  These  materials  promise 
exceptional  design  flexibility  and  frequency  agility  as  their  phase  matching 
properties  can  be  compositionally  tuned  for  optimal  device  performance. 


Table  1:  Birefringences,  SHG  cutoffs  and  tuning  rates  of  KTP  isomorphs. 


Crystal 

v\.2-r\-x 

SHG  cutoff 
along  X  [|im] 

Tuning : 
3(nz-nQ/9x 

14.6%Nb:KTP 

0.1466 

n.a. 

KTi0P04 

0.1022 

1.082 

30.4 

RbTi0P04 

0.0975 

1.147 

0.47 

TlTi0P04 

0.0674 

n.a. 

3.01 

KTi0As04 

0.0965 

1.134 

RbTi0As04 

0.0891 

1.243 

0.74 

CsTi0As04 

0.0812 

1.548 

0.79 

n.a.  =  not  available;  italics  denote  calculated  values. 
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Nonlinear  Optical  Properties  of  Thin  Film  Composite  Materials 
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There  is  great  need  for  materials  with  large  optical  nonlinear  coefficients  for  use 
nonlinear  optics  and  photonics.  Recently,  several  groups^  have  proposed  the  use  of 
composite  materials  as  a  means  of  achieving  large  values  of  the  third-order  susceptibility 
yj'^\  One  proposal,  due  to  two  of  the  present  authors,^  involves  forming  a  composite  of 
alternating  layers  of  two  different  materials  with  layer  thicknesses  much  smaller  than  an 
optical  wavelength.  If  the  linear  refractive  indices  of  these  two  components  are  different,  the 
electric  field  strength  of  an  optical  field  polarized  perpendicular  to  the  plane  of  the  layers 
will  be  nonuniformly  distributed  between  the  two  constituent  materials.  The  field  strength 
will  exceed  the  spatially  averaged  field  strength  in  the  material  with  the  smaller  line^ 
refractive  index,  and  if  this  material  is  the  more  nonlinear  of  the  two  then  the  effective 
value  of  the  composite  material  can  exceed  that  of  either  component.  For  the  situation  in 
which  the  two  linear  refractive  indices  differ  by  a  factor  of  two,  the  value  of  can  thereby 
be  enhanced  by  a  factor  of  ten. 

This  enhancement  is  maximized  if  the  light  propagates  through  the  material  as  a  TM 
guided  wave.  The  enhancement  will  be  reduced  if  the  light  propagates  through  the  material 
at  some  oblique  angle.  However,  the  angular  dependence  of  the  nonlinear  optical  response 
can  offer  a  means  to  determine  quantitatively  the  extent  to  which  the  x^^^  susceptibility  is 
enhanced.  In  the  present  paper,  we  report  the  results  of  our  experimental  study  of  this 
angular  dependence.  We  find  that  the  angular  dependence  is  in  good  qualitative  agreement 
with  theoretical  predictions. 

We  have  formed  a  composite  of  alternating  layers  of  titanium  dioxide  and  the 
nonlinear  optical  polymer  PBZT  (poly  (paraphenylene  benzobisthiazo)).^  Samples  are 
formed  by  spin  casting  onto  glass  substrates.  Here  titanium  dioxide  constitutes  the  high- 
index  component  having  essentially  linear  response.  It  is  spin  cast  from  a  sol  gel  precursor 
and  is  cured  for  24  hours  at  200  C  to  yield  a  material  with  a  refractive  index  of 
approximately  2.2.  The  PBZT  is  also  spin  cast  and  is  cured  for  24  hours  under  vacuum  at  70 
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C.  It  has  a  linear  refractive  index  of  1.7  and  a  of  5x10'^^  esu.  Layer  thicknesses  of  50 
nm  are  used.  The  sample  used  in  the  measurements  reported  below  contains  five  layers  of 
each  material. 

The  nonlinear  optical  response  of  these  materials  is  measured  as  a  function  of  the 
angle  of  incidence  using  the  z-scan  method.  The  experimental  setup  is  shown  in  Fig.  1. 
Measurements  are  performed  at  a  wavelength  of  1.9  |im  to  avoid  two-photon  absorption  in 
the  polymer.  This  wavelength  was  obtained  by  Raman  shifting  the  output  of  a  Nd:YAG 
laser  in  a  hydrogen  cell.  Results  of  this  measurement  are  shown  in  Fig.  2.  Here  the 
nonlinear  phase  shift  as  determined  by  the  z-scan  measurement  is  plotted  as  a  function  of  the 
angle  of  incidence  for  both  TM  (p-polarized)  and  TE  (s-polarized)  light.  Also  shown  is  our 
best  theoretical  fit  to  the  data.  Note  that  for  TM  waves  the  nonlinear  phase  shift  first 
increases  with  angle  and  then  decreases  as  the  Fresnel  transmission  coefficient  drops  to  zero 
at  grazing  incidence.  The  increase  in  nonlinear  phase  shift  occurs  both  because  of  the 
increase  in  transmission  near  Brewster’s  angle  and  because  increases  with  angle  of 
incidence.  However,  we  cannot  explain  our  data  by  assuming  that  the  increase  is  due  solely 
to  the  former  effect. 
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A  continuing  need  exists  to  develop  new  optical  materials  useful  for  frequency  conversion  in 
the  UV  to  near-IR  spectral  range.  This  need  is  particularly  acute  with  regards  to  systems 
requiring  large  apertures  and/or  high  average  powers.  This  paper  reports  our  preliminary  results 
for  a  new  and  promising  family  of  solution-grown  nonlinear  optical  (NLO)  materials  based  on 
salts  of  the  boromalate  anion.  Crystals  of  this  family  which  we  have  characterized  to  date 
include  lithium  boromalate  (LiBCgHgOio),  potassium  boromalate  hydrate  (KBCgHgOio  •  H2O), 
sodium  boromalate  (NaBCgHgOio),  guanidinium  boromalate  (CNsHsBCgHgOio),  and 
ammonium  boromalate  (NH4BCgHgOio).  The  boromalate  salts,  with  the  exception  of  potassium 
boromalate  hydrate  (KBM)  which  is  known  to  be  monoclinic  P2i,^  are  crystals  whose  structure 
and  optical  properties  have  not  previously  been  examined. 

The  boromalate  salts  are  examples  of  “semiorganic”  NLO  materials,  i.e.,  crystals  in  which 
the  typically  high  optical  nonlinearity  of  a  purely  organic  material  is  combined  with  the 
potentially  favorable  mechanical  and  thermal  properties  of  an  inorganic^’  ^  Much  recent  work'^’  ^ 
has  demonstrated  that  organic  crystals  can  have  very  large  nonlinear  susceptibilities  relative  to 
inorganic  crystals,  but  their  use  is  impeded  by  their  low  optical  transparencies,  poor  mechanical 
properties,  low  laser  damage  thresholds.  It  has  also  proven  difficult  to  produce  and  process  large 
crystals  of  organics.  Purely  inorganic  NLO  materials  typically  have  excellent  mechanical  and 
thermal  properties  but  often  possess  relatively  modest  optical  nonlinearities  due  to  their  lack  of 
extended  71-electron  delocalization.  In  semiorganics,  polarizable  organic  molecules  are 
stoichiometrically  bound  within  an  inorganic  host,  e.g.,  an  organic  ion/inorganic  counterion  salt, 
such  as  L-arginine  phosphate^,  or  an  organic  ligcind/metal  ion  complex,  such  as  zinc  tris(thiourea) 
sulfate  (ZTS).^  Imparting  ionic  character  to  large  NLO  response  organic  molecules  via 
complexation  and/or  salt  formation  works  to  improve  the  mechanical  and  optical  properties  of 
the  crystals  of  these  materials  and  also  provides  a  high  degree  of  design  flexibility  for  NLO 
effects  utilizing  simple  synthesis  and  screening  techniques. 

The  boromalate  salts  were  identified  in  our  ongoing  survey  of  semiorganic  materials  as  a 
family  of  potentially  useful  NLO  crystals.  The  salts  were  crystallized  from  aqueous  solutions 
containing  2:1:1  molar  ratios  of  L-malic  acid  to  boric  acid  to  the  appropriate  alkali  cation  (the 
latter  incorporated  as  the  hydroxide  or  carbonate).  -A  schematic  representation  of  the  boromalate 
anion  is  shown  in  Fig.  1.  Based  upon  the  crystal  structure  of  the  potassium  salt  KBM,^  the 
hydroxyl  group  and  adjacent  carboxylate  hydrogen  of  each  L-malic  acid  are  deprotonated,  and 
two  of  these  dianions  tetrahedrally  coordinate  to  the  boron(3-i-)  atom,  leaving  a  net  minus  one 
charge  on  the  boromalate  complex  anion.  Crystals  of  salts  of  this  acentric  anion  are  assured  of 
being  noncentrosymmetric  due  to  the  chirality  of  the  malic  acid  units.  The  principal 
nonlinearities  of  the  boromalates  are  assumed  to  arise  from  delocalized  7t-electrons  associated 
with  the  carboxylate  functionalities  (C=0).  More  complete  determinations  of  the  boromalate  salt 
structure-property  relationships  are  in  progress. 
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Fig.  1.  A  representation  of  the  boromalate 
anion.  The  trivalent  boron  atom  is 
tetrahedrally  coordinated.  C*  is  the  chiral 
carbon  atom  of  the  malate  anion. 
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Fig.  2.  Transmission  spectra  for  ammonia 
boromalate  and  sodium  boromalate  on 
unpolished  samples  of  1.7  mm  and  4.1  mm 
respectively.  The  anomaly  at  800  nm  is  due  to 
a  grating  change  in  the  spectrometer 


The  single  crystal  boromalate  salts  reported  here  are  optically  transparent  between  about  250 
nm  and  1300  nm  (see  Fig.  2).  We  observe  experimentally  that  these  salts  are  biaxial  in  nature. 
The  measured  Type  I  and  Type  11  1064  nm  SHG  PM  loci  and  the  corresponding  variations  of  the 
effective  nonlinearities  for  KBM  are  shown  in  Fig.  3.  In  this  figure,  0  =  0,  (j)  =  0  corresponds  to 
propagation  along  the  dielectric  axis  having  the  smallest  refractive  index  and  0  =  0°,  (j)  =  90° 
corresponds  to  propagation  along  the  dielectric  axis  having  the  highest  refractive  index.  These 
data  were  measured  on  a  ~1  mm  diameter  sphere  of  KBM  using  a  computer  automated  version  of 
the  direct  phase  matching  (DPM)  technique  described  in  Ref.  7.  Preliminary  analysis  of  our 
DPM  data  indicates  that  KBM  has  an  effective  nonlinearity  larger  than  that  of  potassium 
dihydrogen  phosphate  (KDP)  and  is  less  angularly  sensitive  at  the  locations  of  maximum  dgff. 
The  DPM  technique  was  also  applied  to  crystals  of  ammonium  boromalate  (NHBM)  and 
indicated  a  similar  nonlinearity  and  birefringence.  More  precise  determinations  of  deff  and 
5Ak/60  as  well  as  measurements  of  the  refractive  index  dispersion  will  be  made  on  cut  plates  and 
oriented  prisms.  The  general  shape  of  the  phase  matching  loci  indicate  that  the  KBM  and 
NHBM  probably  have  sufficient  birefringence  to  phase  match  for  a  number  of  parametric 
processes  between  300  and  1300  nm,  including  SHG  of  1064  nm  light  and  sum  frequency 
mixing  of  1064  nm  and  532  nm  to  produce  355  nm  light.  Measurements  on  other  members  of 
the  boromalate  family  will  also  be  reported. 

The  single  crystal  boromalate  salts  reported  here  are  optically  transparent  between  about  250 
nm  and  1300  nm  (see  Fig.  2).  We  observe  experimentally  that  these  salts  are  biaxial  in  nature. 
The  measured  Type  I  and  Type  11  1064  nm  SHG  PM  loci  and  the  corresponding  variations  of  the 
effective  nonlinearities  for  KBM  are  shown  in  Fig.  3.  In  this  figure,  0  =  0,  (j)  =  0  corresponds  to 
propagation  along  the  dielectric  axis  having  the  smallest  refractive  index  and  0  =  0°,  <})  =  90° 
corresponds  to  propagation  along  the  dielectric  axis  having  the  highest  refractive  index.  These 
data  were  measured  on  a  ~1  mm  diameter  sphere  of  KBM  using  a  computer  automated  version  of 
the  direct  phase  matching  (DPM)  technique  described  in  Ref.  7.  Preliminary  analysis  of  our 
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DPM  data  indicates  that  KBM  has  an 


effective  nonlinearity  larger  than  that  of 
potassium  dihydrogen  phosphate  (KDP)  and  is 
less  angularly  sensitive  at  the  locations  of 
maximum  deff.  The  DPM  technique  was  also 
applied  to  crystals  of  ammonium  boromalate 
(NHBM)  and  indicated  a  similar  nonlinearity 
and  birefringence.  More  precise 
determinations  of  deff  and  5Ak/60  as  well  as 
measurements  of  the  refractive  index 
dispersion  will  be  made  on  cut  plates  and 
oriented  prisms.  The  general  shape  of  the 
phase  matching  loci  indicate  that  the  KBM 
and  NHBM  probably  have  sufficient 
birefringence  to  phase  match  for  a  number  of 
parametric  processes  between  300  and  1300 
nm,  including  SHG  of  1064  nm  light  and  sum 
frequency  mixing  of  1064  nm  and  532  nm  to 
produce  355  nm  light.  Measurements  on 
other  members  of  the  boromalate  family  will 
also  be  reported. 

These  preliminary  results  suggest  that 
boromalate-based  semiorganic  salts  show 
promise  as  new  NLO  materials  for  frequency 
conversion  in  the  near-IR  to  near-UV. 
Because  the  angular  sensitivity  appears  to  be 
small  and  relatively  constant,  the  power 
threshold  figure  of  merit^  is  expected  to 
compare  favorably  with  high  temperature 
melt-grown  materials,  such  as  BBO.  These 
results  serve  to  further  validate  the 
semiorganic  approach  to  developing  solution- 
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Fig  3.  Measured  (a)  phase  matching  loci  (b) 
singular  sensitivity  and  (c)  SHG  intensity  for 
KBM.  Solid  circles  are  Type  I,  open  triangles 
are  Type  n  phase  matching. 


grown  alternatives  to  these  latter  materials. 
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The  observation  of  second  harmonic  generation  (SHG)  in  planar  ^  and  fiber  optic^ 
waveguides  of  germania  doped  silica  has  been  linked  to  the  formation  of  an  internal  DC  electric 
field^.  Models  predict  that  an  internal  static  electric  field  is  produced  by  a  modification  of  the 
optical  properties  of  the  waveguide  material  through  the  interaction  of  fundamental  laser  light  at 
frequency  ro  and  second  harmonic  light  at  frequency  2©  waveguiding  along  the  same  optical 
path.^  This  pre-conditioning  of  the  waveguide  material  is  often  called  "seeding".  After  the 
removal  of  the  second  harmonic  "seed"  beam,  the  induced  static  but  spatially  varying  electric  field 
produces  a  phase-matched  effective  second  order  susceptibility  which  allows  SHG. 

We  are  investigating  the  process  by  which  these  induced  static  electric  fields  are  produced 
in  the  waveguide  material.  Most  of  the  models  for  the  production  of  this  field  rely  on  a 
photoionization  process  within  the  waveguide  which  has  a  preferential  photoejection  direction, 
i.e.,  a  net  current  flow.  Our  work  models  the  current  that  produces  the  static  electric  field  and 
measures  the  electric  fields  outside  the  waveguide  surface  that  are  produced  by  this  internal 
current  flow. 

The  experimental  setup  for  the  measurement  of  photoinduced  currents  is  similar  to  those 
experiments  which  apply  an  external  electric  field  to  induce  SHG  with  only  the  incident 
fundamental  laser  light. The  proper  phase  matching  conditions  for  generation  of  the  second 
harmonic  light  require  that  the  internal  electric  field  have  a  periodicity,  Az,  given  by 

.  2n 

Az  =  - 

-  A. 

where  and  P^^  are  the  propagation  constants  for  the  fundamental  and  second  harmonic  light, 
respectively.  For  a  6m%  germania-doped  silica  waveguide  having  a  thickness  of  3.5  microns  on 
a  silica  substrate  the  appropriate  indices  of  refraction  require  a  periodicity  of  approximately  26 
microns.  Figure  1  shows  the  design  of  an  interdigitated  electrode.  The  actual  electrode  structure 
had  a  26  micron  periodicity  and  400  digits.  This  electrode  structure  was  placed  approximately 
0.5  microns  above  the  waveguide  surface.  The  electrode  digits  were  directed  approximately 


465 


normal  to  the  waveguide  path.  The  orientation  of  the  digits  relative  the  waveguide  path  was 
adjusted  to  produce  the  phase-matching  conditions  needed  for  the  particular  waveguide  selected. 


Interdigitated  Electrode 


10  -  26  fim 

Figure  1 .  Chrome  interdigitated  electrode  structure  on  glass  substrate 

Part  of  the  output  of  Q-switched  and  mode-locked  Nd:YAG  laser  at  1.06  microns  is 
frequency  doubled  in  a  KTP  crystal  as  shown  in  Figure  2.  These  beams  are  independently  prism- 
coupled  into  the  waveguide  film  with  p-polarization.  Currents  produced  by  photoionization 
within  the  film  generate  an  electric  field  outside  the  waveguide  that  are  sensed  by  the 
interdigitated  electrodes  as  an  induced  current. 
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Figure  2.  Experimental  setup 


The  photoinduced  current  normal  to  the  direction  of  propagation,^^,  in  the  waveguide  is 
produced  by  a  multi-photon  interaction  of  fundamental  and  second  harmonic  light  with  the 
material  given  by 

where  cF'  is  the  third  order  conductivity  and  E„p,  is  the  optical  DC  field  in  the  waveguide  that 
produces  the  asymmetry  in  the  photocurrent.  The  third  order  nonlinear  conductivity  corresponds 
to  the  four-wave  mixing  model  that  produces  the  optical  DC  field  given  by 

E^(y,z)  CC  Ei(y)E;.,(y)e™- +  c.c. 

where  E  is  the  field  due  to  a  particular  waveguiding  mode  and  the  exponential  term  satisfies  the 
phase  matching  conditions  and,  thus,  dictating  spatial  variation  of  the  final  static  internal  field  as  a 
function  of  z  along  the  waveguiding  path.  The  fields  outside  the  waveguide  will  increase  as  a 
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function  of  time  until  the  photoinduced  current  is  canceled  by  the  backfield  due  to  charge 
separation.^ 

The  interdigitated  electrodes  were  aligned  by  a  rotary  movement  relative  to  the 
waveguide  path  to  optimize  the  phase  matching  conditions.  Phase  matching  conditions  were 
tested  by  observing  film  generated  SHG  when  only  the  fundamental  light  was  incident  as  a 
function  of  voltage  applied  to  the  electrodes.4,5  with  the  electrodes  optimally  oriented  both 
the  fundamental  and  second  harmonic  were  co-propagated  in  the  waveguide.  The  fields 
produced  outside  the  waveguide  due  to  the  internal  charge  separation  generated  a  current  in  the 
interdigitated  electrodes.  The  current  induced  in  the  electrodes  as  a  function  of  the  illumination 
conditions  is  shown  in  Figure  3.  This  figure  shows  preliminary  data  that  indicates  that  only  when 
both  the  fundamental  and  second  harmonic  are  waveguiding  do  we  see  a  current  induced  into  the 
electrodes.  The  observation  of  these  currents  suggests  the  presence  of  the  photocurrents  and  the 
build  up  of  a  static  internal  field. 
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Figure  3.  Current  measured  in  interdigitated  electrodes  as  a  function 
of  fundamental  and  second  harmonic  intensities. 

Preliminary  calculations  indicate  that  the  fields  that  are  generated  outside  the  waveguide 
and  their  spatial  dependence  will  depend  on  the  type  of  spatial  charge  distribution  that  is 
producing  it.  Additional  measurements  of  the  external  field  as  a  function  of  waveguiding  light 
intensity  may  allow  us  to  predict  the  exact  charge  distribution  and  the  multi-photon  dependence. 
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